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ABSTRACT 


The  material  presented  in  this  report  is  a  result  of  an 
investigation  of  the  feasibility  of  making  radar  cross  section 
measurements  in  the  VHF  region  at  the  Radar  Target  Scatter 
Site,  White  Sands  Missile  Range  (RAT  SCAT).  Included  herein 
are  the  results  of  an  experimental  and  analytical  investigation 
which  was  conducted  in  the  30-  to  180-megahertz  region  for  the 
purpose  of  (1)  determining  the  feasibility  of  making  measure¬ 
ments  at  RAT  SCAT  and  (2)  defining  the  range  condition(s)  and 
measurement  technique(s)  for  use  in  a  feasibility  demonstration 
program  to  be  conducted  at  RAT  SCAT. 

A  stuay  was  made  of  the  properties  of  RAT  SCAT  soil  since  a 
ground  plane  cross  section  measurement  technique  was  under 
consideration.  The  electrical  properties  of  the  soil,  in  terms  of 
the  complex  permittivity  and  associated  loss  tangent,  rare  measured 
as  a  function  of  moisture,  temperature,  and  sample  location.  The 
results  of  the  soil  investigation  were  used  in  conjunction  with  a 
ground  plane  model  programmed  on  a  CDC  1604  to  investigate  the  RF 
field  patterns  to  be  expected  at  RAT  SCAT.  These  fields  were 
studied  as  a  function  of  frequency,  range,  soil  conditions, 
antenna  height,  and  target  height.  A  VHF  radar  system  from  the 
Fort  Worth  Division  of  General  Dynamics  was  taken  to  RAT  SCAT  to 
obtain  information  with  which  to  validate  the  results  of  the  com¬ 
puter  study  and  obtain  additional  information  on  the  feasibility 
of  operating  VHF  equipment  at  the  RAT  SCAT  site.  The  results  of 
the  study  and  measurements  are  analyzed  and  a  dual  range  and 
measurement  technique  is  described;  this  technique  is  considered 
a  feasible  approach  to  measuring  targets  up  to  70  feet  in  length. 
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SECTION  I 


INTRODUCTION 


The  information  presented  in  this  report  is  a  direct  result 
of  the  basic  programs  designated  to  investigate  the  feasibility 
snd  method  of  making  cross  section  measurements  at  the  Radar 
Target  Scattering  Site  (RAT  SCAT)  in  the  VHF  (30-  to  180 -megahertz) 
region.  On  the  basis  of  the  results  reported  herein,  equipment 
will  be  fabricated  and  tests  will  be  performed  at  RAT  SCAT  to 
demonstrate  the  feasibility  of  obtaining  high  quality  cross  sec¬ 
tion  data  in  the  VHF  region.  The  resrlts  of  the  demonstration  of 
feasibility  will  be  reoorted  in  a  second  and  final  report. 

The  basic  study  and  measurement  programs  reported  in  this 
document  were  primarily  undertaken  to  determine  the  feasibility 
and  the  related  values  of  range  geometry  parameters  which  could 
be  used  to  make  cross  section  measurements  at  RAT  SCAT  on  the 
basis  of  the  ground  plane  technique.  In  addition,  cross  section 
measurements  were  made  at  RAT  SCAT  by  utilizing  a  long  pulse  (50- 
microsecond)  cancelled  electronic  system  to  obtain  information  on 
the  basic  capabilities  of  such  a  system. 

In  addition  to  the  normal  considerations  associated  with 
obtaining  valid  cross  section  data  (reference  RADC-TDR-64-397) , 
measurements  in  the  VHF  region  result  in  problems  which  are  con¬ 
sidered  negligible  in  the  case  of  measurements  at  the  higher 
frequencies.  The  objectives  set  for  the  phase  of  the  program 
reported  in  this  document  were  (1)  the  methodical  investigation 
of  these  problem  areas,  and  (2)  on  the  basis  of  the  results 
obtained  define  the  most  feasible  operational  parameters  for  use 
in  a  VHF  cross  section  measurement  system. 

In  the  case  of  a  ground  plane  range,  potential  problems 
arising  in  the  VHF  region  are  (1)  measurement  field  gradients 
and  stability  as  function  of  soil  characteristics,  frequency, 
antenna  and  target  height,  polarization,  and  range,  (2)  soil 
characteristics  as  function  of  the  climatic  parameters,  moisture 
and  temperature,  (3)  target-ground  coupling,  and  (4)  versatility 
of  use  of  polarization.-  The  major  problem  associated  with  the 
capability  of  a  measurement  system  in  the  VHF  region  is  that  of 
achieving  sufficient  antenna  isolation.  In  addition,  the  amount 
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of  RFI  present  in  the  VHF  region  limits  the  system  bandwidth. 

The  majority  cf  the  reported  material  is  related  to  the  four 
areas  enumerated  above.  However,  information  related  to  the 
aforementioned  measurement  system  problems  was  also  obtained 
and  utilized  in  conjunction  with  the  other  study  results  to 
arrive  at  feasible  range  designs  which  will  be  evaluated  during 
the  demonstration  phase  of  the  program. 

Because  of  the  number  of  parameters  which  influence  the 
measurement  fields  over  a  ground  plane  range  in  the  VHF  region, 
a  mathematical  model  was  considered  a  necessity  for  effective 
study  of  the  problem.  Such  a  model  of  a  ground  plane  was  pro¬ 
grammed  on  a  CDC  1604  computer  at  RADC  A  large  number  of 
measurements  made  on  RAT  SCAT  soil  at  RAT  SCAT  and  at  the  Fort 
Worth  Division  of  General  Dynamics  were  to  obtain  information  to 
demonstrate  the  validity  of  this  ground  plane  model.  The  ground 
plane  model  was  demonstrated  to  be  quite  accurate;  consequently, 
it  was  utilized  to  generate  vertical  field  probe  data  for  a  number 
of  conditions  which  were  impractical  to  undertake  in  a  measure¬ 
ment  program.  Approximately  twelve  hundred  computer  runs  were 
made  during  the  investigation  in  order  to  assess  the  effects  of 
variations  in  the  parameters,  antenna  height,  target  height,  range, 
frequency,  polarization,  and  soil  characteristics.  The  computer 
study  and  selected  results  are  described  in  Section  3. 

Section  2  contains  a  description  of  the  study  and  measure¬ 
ment  program  devoted  to  obtaining  RAT  SCAT  soil  electrical  char¬ 
acteristics.  It  was  necessary  to  undertake  this  study  before  the 
computer  study  because  of  the  field  sensitivity  in  the  VHF  region 
to  the  value  of  the  soil  complex  permittivity.  The  soil  study 
was  designed  (1)  to  investigate  the  homogeneity  of  RAT  SCAT  soil 
as  a  function  of  depth  and  location  and  (2)  to  evaluate  the 
complex  permittivity  as  a  function  of  frequency,  moisture,  and 
temperature.  The  results  of  tne  study  indicated  that  the  soil 
is  homogeneous  in  both  locution  and  depth.  Also,  the  moisture 
content  of  the  soil  remains  quite  stable  at*,  a  fairly  high  level 
(approximately  15  percent). 

In  Section  4,  the  study  of  the  fields  near  the  surface  at 
RAT  SCAT  and  the  measurement  results  are  presented.  The  results 
of  this  study  provideo  information  as  to  the  validity  of  the 
ground  plane  model  and  the  sensitivity  of  the  surface  field 
amplitude  to  grazing  angle. 


Section  5  contains  a  description  of  the  measurement  program 
conducted  at  RAT  SCAT  to  obtain  (1)  field  probe  information,  (2) 
target -ground  coupling,  and  (3)  cross  section  data.  In  the 
discussion  of  the  results,  it  is  shown  that  the  field  probe 
information  compared  quite  favorably  with  the  computed  data. 

Results  of  the  target -ground  coupling  experiments  demonstrated 
that  errors  caused  by  coupling  need  to  be  considered  in  the  30- 
to  180-megahertz  region  in  the  case  of  large  targets  (greater 
than  10  feet)  even  at  30-  to  65-foot  target  heights.  However, 
in  the  case  of  the  smaller  targets,  target  heights  between  10 
and  30  feet  appear  satisfactory.  Cross  section  data  was  obtained 
at  30  and  60  megahertz  and  compared  with  scale  model  data.  The 
results  of  the  experiments  indicated  accurate  cross  section  data 
can  be  obtained  in  this  frequency  range  although  such  effects 
as  tilt  angle  and  bistatic  angle  were  noticeable  in  the  case  of 
the  larger  targets  at  the  range  geometries  at  which  the  measure¬ 
ments  were  made. 

In  Section  6,  a  summary  of  the  basic  study  results  is  pre¬ 
sented  along  with  a  review  of  other  considerations  associated 
with  range  geometry  design.  The  recommended  range  design  involves 
a  range  with  dual  capability.  A  short  range  (200  to  4G0  feet) 
used  in  conjunction  with  a  cancelled  pulse  system  can  be  used  to 
measure  relatively  small  targets  (less  than  10  feet)  by  target 
heights  in  the  10-  to  30-foot  region.  This  range  design  is  con¬ 
sidered  feasible  on  the  basis  of  the  results  obtained  by  operat¬ 
ing  this  type  of  system  at  RAT  SCAT  in  this  range  interval.  In 
addition,  a  long-range  capability  is  considered  feasible  (1000  to 
2000  feet)  on  the  basis  of  the  results  of  the  computer  study  and 
the  long-range  measurements  made  at  RAT  SCAT.  It  is  proposed  to 
operate  the  same  electronic  system  at  these  ranges  by  using  the 
range  gate  to  achieve  isolation  and  the  cancellation  capability 
to  cancel  the  target  support  return.  Use  of  this  range  design 
will  allow  measurements  in  the  30-  to  200-megahertz  frequency  region 
and  will  minimize  the  effects  of  bistatic  and  tilt  angle,  2d2/a 
near-field  errors  in  the  case  of  large  targets  (up  to  72  feet  in 
length) ,  radial  gradient  near-field  errors  in  the  case  of  large 
targets,  and  field  ellipticity  in  vertical  polarization.  In 
addition,  use  of  these  range  lengths  enable  the  following: 

1.  Target  heights  sufficient  to  minimize  coupling 
effects  of  these  larger  targets 

2.  Antenna  heights  and  separation  sufficient  to 
utilize  the  ground  plane  effect  to  achieve 
better  isolation 

3.  The  capability  to  operate  a  range-gated  system 
with  a  relatively  narrow  bandwidth. 
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SECTION  2 


RAT  SCAT  SOIL  INVESTIGATIONS 


2.1  General 

At  the  beginning  of  the  VHF  program  an  extensive  measurement 
program  was  conducted  in  order  to  evaluate  the  electrical  properties 
of  the  soil  at  RAT  SCAT.  Knowledge  of  the  soil  electrical  properties 
as  a  function  of  representative  climatic  variations  was  considered 
necessary  because  of  the  known  dependence  of  the  field  patterns  to 
these  properties  in  the  VHF  region.  The  objective  of  the  investiga¬ 
tion  was  to  (1)  determine  the  homogeneity  of  the  soil  at  RAT  SCAT, 

(2)  determine  the  material  constants  cr,  cr  and  tan8e  in  terms  of 
moisture,  and  temperature,  and  (3)  determine  the  soil  moisture 
content  and  variations  to  be  expected  at  RAT  SCAT. 

In  coordination  with  personnel  at  RAT  SCAT,  the  area  tentatively 
selected  for  the  VHF  range  was  defined  as  being  approximately  along 
a  line  N45°E  from  Target  Pit  Number  3  and  starting  20  feet  northeast 
of  the  Bistatic  Road.  This  area  is  indicated  in  Figure  1. 

To  obtain  a  representative  cross  section  of  the  soil  electrical 
characteristics  in  this  area,  15  samples  were  taken  at  depths  varying 
from  0  to  2  feet  under  the  surface.  Of  theiie  samples,  a  total  of  10 
were  taken  from  five  specific  points  on  a  line  extending  1200  feet 
N45°E  along  the  site  location;  the  remaining  5  were  taken  from 
points  east  and  west  of  this  line.  From  the  15  samples  taken,  12 
were  used  in  a  preliminary  investigation  of  the  electrical  properties 
and  moisture  content  of  the  soil. 

To  determine  the  possibility  that  the  average  moisture  content, 
and  thus  the  electrical  characteristics,  might  change  over  an  extended 
period  of  time,  the  moisture  content  was  determined  for  soil  samples 
taken  on  July  15,  November  2,  and  December  1,  1965.  Results  of  the 
individual  averages  showed  the  moisture  content  to  be  approximately 
16  percent,  with  a  +2  percent  variation,  independent  of  sample 
location  or  sample  depth.  Also  noted  was  the  fact  that  the  average 
was  constant  over  the  5-month  period  (see  Figure  2).  Shown  in 
Figure  3  is  the  time  rate  at  which  the  moisture  content  decreases 
to  its  average  value  after  a  moderate  rainfall.  On  the  basis  of  the 
tests  for  homogeneity  and  moisture  content  variation,  two  surface 
samples  and  two  subsurface  samples  were  chosen  for  the  temperature- 
controlled  measurements. 
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2.2  Measurement  Technique 

The  rjeasurement  technique  t»ed  to  obtain  the  material  constants 
was  to  measure  the  admittance  of  a  coaxial  wave  guide  in  which 
samples  of  soil  were  placed.  Admittance  values  obtained  from  these 
measurements  were  then  used  to  evaluate  the  electrical  constants 
er,  cr  and  tan£c  of  the  soil.  Because  the  soil  was  very  lossy 
(except  for  the  dry  condition)  special  attention  to  factors  such 
as  sample  length,  meter  corrections,  and  evaporation  was  necessary 
in  order  to  obtain  data  which  was  sufficiently  accurate.  Even 
with  the  special  care  taken  to  eliminate  variations  caused  by  the 
above  mentioned  factors,  it  was  still  necessary  to  make  repeated 
measurements  and  determine  the  expected  value  of  the  electrical 
constants  via  statistical  techniques . 

The  test  system  used  to  obtain  the  admittance  measurements 
is  shown  in  Figure  4.  The  bridge  is  a  General  Radio  1602-A, 
the  input  to  which  is  a  400-cps  modulated  RF  signal  supplied  from 
the  Hewlett  Packard  608  RF  generator.  To  determine  the  bridge 
balanced  condition,  a  Neims  Clark  communications  receiver  was  used 
to  pass  the  400-cps  signal  for  audio  null  detection.  This  particular 
method  of  detection  was  chosen  because  it  eliminated  the  need  for  c 
local  oscillator  and  IF  mixer. 

2.2.1  Basic  Principles 

To  obtain  the  soil  electrical  parameters  fr.  tanSg  ,  and  cr  , 
the  measured  input  admittance  of  a  circular  waveguide  filled  with 
the  soil  may  be  related  to  the  desired  quantities  through  the  use 
of  transmission  line  equations.  The  measured  input  admittance  is 
determined  by:  the  length  of  line  between  the  point  of  measurement 
and  the  soil  sample;,  the  characteristic  admittance  of  this  line,  the 
characteristic  admittance  of  the  section  of  line  containing  the  soil 
sample,  the  length  of  the  soil  test  sample,  and  the  test  section 
terminating  admittance  (see  Figure  4) .  These  parameters  along  with 
the  corrections  for  the  stray  capacitance  of  the  admittance  meter  and 
the  open  circuit  termination  can  be  related  to  the  electrical 
parameters  by  the  relationships  presented  in  Appendix  A. 

In  Figure  5  the  effective  increase  in  length  of  the  open  circuit 
termination  plane  caused  by  stray  capacitance  is  illustrated.  The 
two  most  important  sources  of  meter  error  were  found  to  be  the 
mutual  couplings  between  the  different  branches  of  the  ad:  ttance 
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bridge  and  the  inductance  of  the  sections  of  line  between  the 
junction  of  the  bridge  arms  end  the  center  of  the  meter  measuring 
coils.  Corrections  for  the  errors  produced  by  cross -coupling  were 
made  by  using  Equations  A-14  and  A-I5  which  were  obtained  from 
Reference  1. 

2,2.2  Special  Considerations 

Investigation  of  the  equations  relating  the  material  constants 
to  the  measured  quantities  (Equations  A-S  through  A-13)  revealed 
the  necessity  of  optimising  the  length  of  the  air-filled  guide 
and  the  length  of  the  test  section  if  the  computational  errors  were 
to  be  minimized.  From  preliminary  results,  it  was  found  that  the 
length  of  the  air- filled  guide  should  be  as  small  as  possible. 
Optimizing  the  length  of  the  test  section  was  more  difficult  in 
that  it  had  to  "best  satisfy"  two  opposing  requirements.  The  first 
requirement  was  that  it  be  long  enough  to  provide  sufficient  attenua¬ 
tion  of  an  input  signal  to  give  an  accurate  admittance  measurement . 

The  second  requirement  was  that  it  had  to  be  short  enough  to  keep  the 
magnitudes  of  the  measured  admittance  in  a  range  ccmpatible  with  the 
measurement  technique  used.  In  many  cases,  the  optimum  test  sample 
length  had  to  be  found  by  trial  and  error  since  the  input  adv Ictauca 
was  greatly  affected  by  the  moisture  content  of  the  soil,  the 
frequency  at  which  the  measurements  were  being  made,  and  (to  some  de¬ 
gree)  the  temperature  of  the  soil  under  consideration.  Depending 
on  the  values  of  these  factors,  the  sample  lengths  used  to  optimize 
the  accuracy  of  the  measurements  ranged  between  80  centimeters  and 
.35  centimeters. 

Because  of  the  short  soil  sample  lengths  required  at  the  higher 
moisture  conditions  (.35  to  2  centimeters)  the  effects  of  evaporation 
had  to  be  considered.  The  effects  of  evaporation  were  minimized  by 
sealing  the  soil  test  section  with  an  epoxy.  This  technique  was 
also  used  at  the  32°F  and  120°F  temperature  conditions. 

2.3  Measurements 

To  determine  whether  or  not  the  average  moisture  content,  and 
the  related  electrical  properties,  would  change  over  an  extended 
period  of  time,  a  total  of  34  soil  samples  were  taken  over  a  period 
of  5  months  for  the  evaluation  of  the  moisture  content. 

Preparation  of  the  samples  for  the  measurements  to  be  made 
consisted  of  determining  their  moisture  content  as  received.  The 
samples  were  first  weighed,  moisture  was  then  driven  out  at  a 
controlled  temperature,  and  the  samples  were  then  weighed  again.  The 
differences  in  weighings  were  then  used  to  establish  the  moisture 
content  as  a  percentage  of  dry  weight. 
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After  the  '’received"  moisture  content  of  the  samples  was 
determined,  measurements  <*ere  taken  for  the  cases  of  seven  surface 
locations  and  five  subsurface  locations  at  the  "received"  moisture 
content  and  80°F.  The  resulting  electrical  parameters  indicated  that 
the  surface  and  subsurface  soils  were  essentially  homogeneous  over 
the  proposed  VHF  site;  only  a  slight  difference  was  found  between 
surface  and  subsurface  conductivities.  As  a  validity  check  for 
homogeneity,  four  surface  locations  and  four  subsurface  locations 
were  selected  and  used  for  zero  moisture  content  measurements. 

In  all,  210  preliminary  measurements  were  made  on  12  samples;  160 
were  made  to  confirm  soil  homogeneity,  and  more  than  50  other  measure¬ 
ments  were  made  to  define  system  error,  reproducibility  of  measurements, 
and  the  effect  of  temperature  on  the  equipment.  In  all,  over  1100 
measurements  were  made  to  determine  the  electrical  characteristics 
of  the  RAT  SCAT  soil  in  the  VHP  region. 

To  obtain  the  data  necessary  for  calculating  er,  tan  8e ,  and<r 
at  120°F,  four  sections  of  air-guide  were  first  sealed  with  an 
epoxy  to  eliminate  evaporation  of  moisture  at  this  temperature. 

To  heat  the  sections,  a  commercial  Glocoil  was  adapted  to  permit 
insertion  of  the  samples  into  its  heating  coils,  the  temperature 
being  maintained  at  120°  +  2°F  by  adjusting  the  voltage  input  to  the 
Glocoil.  The  chosen  sample  lengths  varied  from  0.35  to  1.8  centimeter, 
the  shortest  length  being  used  as  the  highest  moisture  content. 
Controlling  the  temperature  at  32°F  was  accomplished  by  surrounding 
the  test  section  with  an  ice  jacket  which  served  as  a  constant 
temperature  reservoir  for  the  time  required  to  make  measurements 
at  four  frequencies.  Sample  lengths  chosen  for  this  temperature 
varied  from  0.35  to  30.0  centimeters. 

2.4  Results 

The  measurement  results  revealed  that  the  relative  dielectric 
constant,  er,  did  not  vary  appreciably  with  temperature  or  with 
sample  location  when  data  from  samples  of  the  same  moisture  content 
were  compared.  The  mean  values  of  «r  obtained  from  measurements  are 
shown  in  Figure  6  as  a  function  of  moisture  content.  In  an  attempt 
to  relate  (1)  the  percentage  of  moisture  content,  (2)  cr  of  the  dry 
soil,  and  (3)  er  of  water  with  values  calculated  from  measured  data, 
it  was  found  that  the  mean  values  from  calculations  were  in  very 
good  agreement  with  either  of  two  classic  equations  for  the  relative 
dielectric  constant  of  a  homogeneous  mixture  of  two  substances. 

The  graphs  of  these  equations  are  also  presented  in  Figure  6. 
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On  the  basis  of  the  statistical  error  analysis  conducted  sad 
discussed  in  Appendix  A,  it  is  felt  that  the  differences  between  the 
theoretical  er  (Figure  6,  Curve  2)  and  those  values  obtained  by 
measurements  are  sufficiently  accounted  for  in  terms  of  the  measure¬ 
ment  limitations  of  the  test  system. 

From  the  theoretical  values  of  er  in  Figure  6,  an  empirical 
equation  was  formulated  to  express  the  conductivity  as  a  function 
of  moisture  content  and  temperature.  The  empirical  equation  which 
was  found  to  express  the  subsurface  conductivity  is  shown  below: 

<r«  *2  [o.i  +  5(2)]  [i  +  80L)2]  e  (-041T> 
where 

er  “  «rd(1”*)  +  ^  €rw 

erd  ”  relative  dielectric  constant  of  the  dry  soil 

«rw  *  relative  dielectric  constant  of  water 
T  =  temperature  in  degrees  centigrade 
%  *  moisture  content  in  percent  of  dry  weight 

cr0  *  the  ''base"  conductivity  of  the  dry  subsurface  soil 
referred  to  zero  degrees  centigrade. 

Numerically,  crQ  is  given  as  0.00138  mhos  per  meter  at  0°C, 
and  cr<j  is  0iven  as  3.95  independent  of  temperature.  The  surface 
conductivity  of  any  given  temperature  is  related  to  the  subsurface 
conductivity  at  that  temperature  by  1.30. 

The  mean  values  of  the  surface  and  subsurface  conductivity 
as  calculated  from  measured  data,  and  the  empirical  equation  found 
to  describe  them  may  be  found  plotted  in  Figures  7  and  8,  respectively, 
for  the  case  of  T  =  80°F.  Results  of  calculations  of  the  conductiv¬ 
ities  at  T  *  120°F  and  T  *  32°F  may  be  found  in  Figures  9  through 
12.  To  obtain  a  representation  of  the  loss  tangent,  extreme  values 
of  er  and  cr  were  calculated  by  assuming  that  known  errors  existing 
in  the  system  measurements ,  temperature,  the  moisture  content  of 
a  given  sample,  and  the  sample  length.  From  these  extreme  values, 
an  average  loss  tangent  was  calculated.  Shown  in  Figures  13  and  14 
are  the  mean  values  of  the  loss  tangent  from  subsurface  measurement 
data  taken  at  T  =  80°F  and  the  calculated  average  loss  tangent. 

Similar  results  on  the  surface  soil  may  be  found  in  Figures  15 
and  16.  Figures  17  through  24  show  the  various  loss  tangents  for 
temperatures  of  120°F  and  32°F. 
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To  obtain  a  representative  description  of  the  soil  electrical 
parameters  at  a  fixed  temperature  and  moisture  content,  it  was 
found  necessary  to  repeat  measurements  by  using  different  lengths 
of  test  section  so  that  a  statistical  average  could  be  found.  This 
was  necessary  even  though  any  set  of  data  could  be  reproduced  to 
within  +5  percent  of  the  first  set  obtained  under  similar 
"environmental"  conditions.  Also  noted  was  an  increase  in  the 
standard  deviation  of  a  ,  and  tanfig  as  the  moisture  content  was 
increased;  consequently,  it  was  highly  desirable,  to  obtain  a  larger 
volume  of  measured  data  at  the  higher  moisture  contents.  The 
standard  deviation  of  <r  as  a  function  of  moisture  content  is 
illustrative  of  this  increase  (Figure  25)  as  well  as  the  standard 
deviation  of  the  subsurface  conductivity  as  a  function  of  moisture 
content  (Figure  26). 

To  relate  the  statistical  variation  of  the  results  with  measure¬ 
ment  errors  and  "environment"  fluctuation,  small  changes  in  the 
temperature,  moisture  content,  soil  test  section  length,  and  recorded 
values  of  admittance  were  analytically  introduced  to  simulate  the 
effect  of  combined  system  error.  The  specific  errors  assumed  were 
+2°F  in  the  temperature,  +1  percent  in  the  moisture  content, 

+5  percent  in  the  abil*  y  to  define  the  test  section  length, 

L$  and  +5  percent  in  the  measured  input  admittance.  This  analysis 
is  discussed  in  subsection  A. 3  of  the  Appendix. 

On  the  basis  of  the  above  mentioned  statistical  error 
analysis,  it  is  doubtful  that  the  difference  between  surface  and 
subsurface  conductivity  could  be  accurately  defined  by  using  the 
present  results  in  that  the  extreme  variations  of  one  overlap  those 
of  the  other.  If  such  a  distinction  were  found  necessary,  confidence 
would  have  to  be  placed  strictly  in  the  statistical  averages 
obtained  from  a  larger  volume  cf  measured  data.  From  the  calcula¬ 
tions  made,  the  surface  conductivity  was  found  to  be  approximately 
30  percent  higher  than  that  of  the  subsurface  when  the  moisture 
content  was  15  percent  or  greater.  Although  this  relationship 
appeared  to  be  slightly  different  below  15  percent,  the  analytical 
expression  used  to  describe  the  conductivity  is  rather  insensitive 
to  changes  in  moisture  content  below  10  percent. 
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SECTION  3 


COMPUTER  STUDY 


3.1  General 


The  most  extensive  computational  study  associated  with  the 
VHF  program  was  that  of  computing  the  RF  field  patterns  over  a 
ground  plane  range.  The  study  was  undertaken  in  order  to  generate 
information  to  help  in  the  selection  of  an  optimum  range  geometry 
for  cross  section  measurements  in  the  VHF  region.  Field  patterns 
were  computed  as  a  function  of  the  "noncontrollable"  parameters, 
soil  constants,  polarization,  and  frequency,  along  with  the 
"controllable"  parameters,  antenna  height,  target  height,  and 
range.  The  soil  constants  used  in  the  computations  were  those 
obtained  from  the  RAT  SCAT  soil  measurement  program.  Six  fre¬ 
quencies  between  30  and  180  megahertz  were  selected  as  representa¬ 
tive,  and  computations  were  made  at  both  vertical  and  horizontal 
polarizations.  The  antenna  heights  were  varied  between  Ay  4  and 
49  feet  (antenna  heights  of  66  and  85  feet  were  used  at  several 
ranges);  the  target  heights  were  plotted  between  ground  level  and 
72  feet.  Amplitude  and  phase  data  were  generated  for  the  above 
conditions  at  ranges  between  20  and  800  meters  and  for  A/4 
antenna  heights  out  to  1200  meters. 

Selected  results  of  this  study  are  presented  in  this  section 
to  demonstrate  the  effects  of  both  the  noncontrollable  and  con¬ 
trollable  parameters  on  the  field  patterns.  In  the  summary 
(Section  6),  range  geometries  are  selected  which  can  be  used  to 
minimize  the  undesirable  effects  of  the  noncontrollable  parameters 
and/or  allow  cross  section  measurements  to  be  performed  by  proper 
selection  of  the  controllable  parameters. 

3.2  Study  Program 

The  computer  study  was  based  on  the  ground  plane  mathematical 
model  developed  by  Norton  (Reference  2).  All  of  the  computations 
were  made  on  a  CDC  1604  at  RADC .  This  model  can  be  used  to  de¬ 
scribe  the  total  field  above  a  homogeneous  ground  plane  of  complex 
permittivity  (  e*)  produced  by  a  dipole  located  a  specific  distance 
(ha)  above  the  ground  plane.  The  computer  program  had  been  used  to 
predict  field  patterns  in  the  1-  to  10-gigahertz  region  at  RAT  SCAT 
and  good  correlation  was  obtained.  However,  above  the  1 -gigahertz 


11 


region,  the  field  patterns  are  quite  insensitive  to  aoil  param¬ 
eters,  and  the  patterns  can  be  computed  by  using  a  simpler  ground 
plane  mathematical  model,  such  as  that  described  in  Reference  3. 
Hence,  the  results  of  this  study  yielded  information  on  the  validity 
of  the  Norton  model  in  the  VHF  region  at  relatively  short  ranges 
(information  is  readily  available  for  longer  ranges.  Reference  4). 

Before  the  results  of  the  computations  are  presented,  a 
mathematical  description  of  the  computerized  ground  plane  model  is 
given  and  this  description  is  followed  by  a  discussion  of  the 
input  parameters  used  in  the  study. 

3.2.1  Computer  Program 

The  computer  program  was  based  on  the  mathematical  description 
of  the  radiation  problem  depicted  in  Figure  27.  As  indicated  in 
this  figure,  there  are  two  types  of  fields  which  can  be  used  to 
describe  the  total  field:  the  surface  field  and  the  space  field. 

At  the  higher  frequencies  or  in  the  case  of  horizontal  polariza¬ 
tion,  the  surface  field  is  usually  considered  negligible,  and  the 
total  field  is  the  space  field  composed  of  the  direct  and  reflected 
wave. 


The  expression  for  the  space  wave  in  the  case  of  vertical 
polarization  is  given  in  Equation  1: 

ES  =  ESV  +  eSR 

where 

V 

ESV  =  Vertical  component  of  space  wave 

EgR  =  Radial  component  of  space  wave 

ESV  =  Ah  (cos^'  e*~krl  +  pv  cosV  e^r^  ) 

n  r2 

eSR  =  ”Ah  (si-n  ^"cos  +  Pv  sin  'P'  cos  e^r2  ) 

rl  r2 

A^  =  Gain  of  dipole 

p  sin  *P'  -  u  (1  -  u^  cos^  < I/1 (reflection  factor  for 

sin  XP'  +  u  (1  -  cos^  tfi 1  vertical  polarization) 


u  -  1/ (  €'  -  j  «")* 

«'  “  relative  dielectric  constant 
e"  *  c/  a  eQ 

o’  -  Conductivity  in  mhos  per  meter 
o)  «»  radian  frequency 

^  •  free  space  permittivity  10"^/36tt  farads  per  meter. 

The  corresponding  expression  for  the  surface  wave  is  given  in 
Equation  2: 

E  SWV  “  E  SWV  +  E  SWR  (2> 

where 

E  SWV  “  Aj1(l~  py)  (1  -  u2  +  u4  cos2  4>')  F  e  ikr  2 

r2 

E  =  Ajj  cos  <£'  (1-  Py)  u  y/ 1  -  u^  cos2'/'1  (1  -  u2  Jl  -  u2  cos2  •A'  ]  /2 

+  (sin2  *A')/2>  F  eikr2 

r2 

F  =  1  +  i(7rw)^  e_w  erfc(-i(rrw)^) 
w  =  4P/(1  -  Py)2 
P  -  ikr2  u2(l  -  u2  cos2  «^')/2 

The  computer  program  is  such  that  the  surface  wave  field 
(Equation  2 ) ,  along  with  the  corresponding  vertical  and  radial 
components ,  are  printed  out  in  amplitude  and  phase  *  Mch  is 
referenced  to  the  source.  In  addition,  Equation  1  nd  2  are 
summed  to  give  the  total  field,  along  with  the  corresponding 
vertical  and  radial  components.  Computations  are  made  as  a 
function  of  height  above  the  ground  plane,  and  the  data  are 
recorded  on  digital  printout  and  automatic  plotter  magnetic  tape. 
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Computations  similar  to  those  described  for  the  vertical 
polarization  case  are  also  made  for  the  case  of  horizontal 
polarization  with  the  exception  that  the  surface  field  is 
considered  negligible.  The  expression  used  for  the  horizontal 
polarization  case  is  given  in  Equation  3  . 


EH 

where 


Ah  ikri/ri  -  %  eikr2/r2) 


(1  -  u^  cos^  u  sin  <£' 

(1  -  u^  cos^  <£• )%+  u  sin 


(3) 


(reflection  factor  for 
horizontal  polarization) 


In  the  case  of  horizontal  polarization,  the  computer  output  is 
the  amplitude  and  phase  (referenced  tc  the  source)  as  a  function 
of  height. 


In  addition  to  the  output  data  described  above,  the  values 
of  the  reflection  factors  and  the  "tilt"  angle  for  vertical 
polarization  can  be  printed  out.  The  tilt  angle  is  the  angle 
that  the  major  axi3  of  the  vertically  polarized  field  ellipse 
makes  with  the  normal  to  the  ground  plane. 


Although  the  fundamental  equations,  i.e.,  Equations  1 
through  3  are  based  on  a  dipole,  a  larger  aperture  can  be 
synthesized  by  using  superposition.  The  computer  program  is  pre¬ 
sently  designed  to  handle  a  20-dipole  aperture.  The  number  and 
the  separation  of  probe  heights  can  be  specified,  but  in  its 
present  form  is  limited  to  50  points.  Other  limitations  of  the 
program  in  its  present  form  are  the  following:  (1)  frequency 
must  not  be  less  than  30  megahertz,  (2)cr>0,  and  (3)  e'  >  2. 


Presented  in  Table  1  are  portions  of  the  computer  >cincout 
of  the  various  parameters  discussed  above.  In  Figures  50  and  51 
are  typical  amplitude  and  phase  plots  produced  by  use  of  the  RADC 
automatic  plotter  in  conjunction  with  the  program  automatic  plot¬ 
ter  magnetic  tape  output. 


3.2.2  Computer  Study  Parameters 


The  parameters  used  in  the  computer  study  were  selected  so 
as  to  obtain  a  representative  simulation  of  the  possible  condi¬ 
tions  which  would  exist  and/or  would  be  operationally  feasible. 
The  material  constants  associated  with  the  RAT  SCAT  soil  were 
those  determined  under  the  soil  measurement  program.  The 
primary  cause  of  variations  in  material  constants  w_s  found  to 
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Table  1 .  Computer  Print  Out  Format 


i 


FEET )  (DE«RFES>  (NUMERIC)  (OEGfieES)  (MnMERlC) 


be  moisture  rather  than  temperature  or  nonhomogeneity.  For  this 
reason,  the  range  of  material  constants  was  selected  on  the 
basis  of  moisture  variations.  However,  most  of  the  data  was 
generated  by  using  material  constants  associated  with  10  percent 
or  greater  moisture  conditions.  These  conditions  were  considered 
appropriate  since  the  normal  moisture  condition  at  RAT  SCAT 
appears  to  be  near  15  percent  (Figure  2) . 

The  parameter  values  associated  with  range,  antenna  height, 
and  frequency  are  listed  in  Table  2.  The  total  number  of  con** 
ditions  used  in  the  simulation  of  the  potential  operating  condi¬ 
tions  was  1192. 


3.3  Study  Results 

The  number  of  parameters  and  the  range  of  their  values  which 
were  used  in  the  ground  plane  simulation  study  enabled  the  genera¬ 
tion  of  information  on  the  effects  produced  on  the  RF  fields  as  a 
function  of  anticipated  conditions  and/or  potential  operating 
conditions . 

The  properties  of  the  vertical  fields  which  are  considered 
important. in  the  type  of  study  under  discussion  are  (1)  field 
gradients  (amplitude  and  phase)  as  a  function  of  RAT  SCAT  soil 
conditions,  (2)  field  gradients  of  typical  RAT  SCAT  soil  condi¬ 
tions  as  a  function  of  antenna  heights,  target  heights,  range, 
frequency  and  polarization,  (3) tilt  angle  and  field  ellipticity 
(vertical  polarization)  as  a  function  of  range,  frequency,  and 
target  height,  and  (4)  polarization  capability  as  a  function  of 
range,  frequency,  and  target  height  (i.e.,  conditions  which  allow 
arbitrary  polarizations  to  be  obtained  by  using  the  same  antenna 
height  for  the  horizontally  and  vertically  polarized  antennas). 

In  the  following  paragraphs,  the  effects  of  the  various  parameters 
on  the  above  mentioned  aspects  of  the  vertical  fields  are  demon¬ 
strated. 

In  Section  4,  the  results  of  the  computer  study  on  the  surface 
wave  are  presented.  In  Section  5  measured  versus  computed  data  is 
presented  for  the  case  of  selected  opera  ting  conditions,  and  in 
Section  6  a  further  discussion  of  the  computer  results  is  presented 
in  conjunction  with  a  discussion  of  feasible  range  geometries. 
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3.3.1  Field  Patterns  as  a  Function  of  Soil  Parameters 

Listed  in  Table  2  are  the  material  constants  used  in  generat¬ 
ing  information  on  the  field  pattern  versus  the  soil  condition. 

The  material  constants  listed  in  this  table  are  those  associated 
with  ary,  5-,  10- ,  15- ,  20- ,  and  25-percent  soil  moisture  condi¬ 
tions  at  ambient  temperature.  The  dry  and  5-percent  data  was 
only  used  in  computations  involving  antenna  heights  of  A/4  for 
subsequent  use  in  the  surface  field  study  (Section  4)  since 
measurements  indicate  that,  at  RAT  SCAT,  the  soil  moisture 
remains  at  the  15-or-above-percent  level. 

Amplitude  and  phase  changes  are  presented  in  Figures  28 
through  39  as  a  function  of  moisture  variations  between  10  and 
25  percent.  The  data  was  obtained  for  frequencies  of  30- ,  60- , 
and  120 -megahertz,  60- ,  160- ,  and  480-meter  range  lengths,  and 
antenna  heights  of  16.5  and  33  feat. 

The  data  is  referenced  to  the  15  percent  moisture  condition 
(normal  conditions)  and  indicates  the  maximum  changes  occurring 
in  a.  six-foot  vertical  region  centered  about  the  target  height 
which  would  be  used  for  the  case  being  considered.  Amplitude  and 
phase  plots  are  presented  in  Figures  40  through  47  for  the  60- 
megahertz,  16.5  foot  antenna  height,  160-meter  range  length  case. 

The  data  is  Figures  28  through  39  indicates  that,  in  general, 
the  influence  of  soil  moisture  variation  decreases  at  (1)  the 
larger  percent  soil  moisture  conditions,  (2)  the  frequencies 
below  60  megahertz,  and  (3)  horizontal  polarization.  These  con¬ 
siderations  are  used  in  Section  6  when  discussing  cancellation 
levels  and  stability. 

3.3.2  Field  Patterns  for  Normal  Soil  Conditions 

In  order  to  choose  a  feasible  range  geometry  or  geometries 
for  making  cross  section  measurements  at  RAT  SCAT  in  the  VHF 
region,  vertical  field  patterns  were  computed  under  normal  soil 
conditions  by  using  realizable  parameter  values  for  antenna 
height,  target  height,  and  range.  The  complete  ranges  of  the 
above  variables  are  listed  in  Table  2  along  with  the  frequencies 
and  other  soil  conditions  on  which  the  computations  were  based. 
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Table  2  RANGE  GEOMETRY  AND  SOIL  PARAMETERS  USED  COMPUTER  STUDY 
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The  data  generated  by  using  normal  soil  conditions  was 
examined  in  relation  to  the  amplitude  and  phase  gradients  which 
existed  over  vertical  target  regions  of  different  sizes.  The 
center  of  each  target  region  was  selected  at  a  height  corres¬ 
ponding  to  the  maximum  of  the  first  lobe  (unless  the  first  lobe 
maximum  was  at  ground  level)  and  in  this  latter  case,  the  second 
lobe  maximum  was  used.  In  the  cases  where  the  maximum  of  the 
lobe  was  higher  than  72  feet,  the  best  gradient  position  was  used. 
Target  heights  below  10  feet  were  not  considered.  The  antenna 
heights  used  to  generate  the  data  under  this  study  were  in  the 
range  of  16.5  to  49  feet  at  60  megahertz  and  below  and  8.25  to 
49  feet  above  60  megahertz. 

Operating  regions  are  presented  in  Figures  48  and  49  in  terms 
cf  range,  frequency,  and  polarization  as  a  function  of  target 
region  size.  The  field  gradient  criteria  used  to  generate  the 
regions  were  (1)  a  2-db-or-less,  two-way  amplitude  gradient  and 
(2)  a  45-degree-or-less ,  two-way  phase  gradient.  The  operating 
regions  are  shown  for  the  cases  of  a  6-  and  8-foot  target  region. 

Presented  in  Figures  50  through  61  are  selected  amplitude 
and  phase  plots  at  each  of  the  six  frequencies  from  which  the 
operating  regions  shown  in  Figures  48  and  49  were  obtained.  The 
plots  in  Figures  50  through  61  are  a  part  of  the  more  than  2000 
plots  made  by  the  RADC  automatic  plotter. 

3.3.3  Tilt  Angle  and  Field  Elllpticity 

In  the  VHF  region,  the  target  heights  necessary  to  reduce 
ground  interference  (Section  5)  and  the  target  sizes  of  interest 
make  it  impractical  to  consider  tilting  the  target  support  to 
compensate  for  the  wave  tilt  (angle  between  Foynting  vector  and 
ground  plane)  produced  by  the  ground  plane.  In  addition,  for  the 
case  of  vertical  polarization,  the  ellipticity  of  the  wave  in  the 
vertical  plane  (the  vertical  plane  through  the  target  and  antenna) 
needs  to  be  considered  in  the  case  of  short,  ranges  and  relatively 
large  target  heights  (Figure  62). 

In  the  case  of  horizontal  polarization,  only  the  tilt  angle 
must  be  considered  since  the  field  is  linearly  polarized  in  the 
vertical  plane  through  the  radar  and  target.  The  tilt  of  this 
linear  vector  is  given  by  the  geometrical  tilt  angle  as  indicated 
in  Figure  62  and  is  therefore  independent  of  frequency.  However, 
in  the  vertical  polarization  case,  the  tilt  angle  is  a  function 
of  frequency,  antenna  height,  soil  parameters,  and  range.  The 
tilt  angle  for  the  case  of  vertical  polarization  corresponds  to 
the  angle  of  the  major  axis  of  the  elliptical  field  relative  to 
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the  vertical  to  the  ground  plane  (Figure  62),  This  tilt  angle 
is  a  computer  output  parameter;  consequently,  it  is  available 
for  r.Ll  of  the  conditions  studied.  The  horizontal  tilt  angle 
is  easily  computed  as  a  function  of  range  and  target  height. 

Tilt  angle  data  are  presented  in  Figures  63  and  64  as  a 
function  of  range  and  frequency  for  two  target  heights.  In  the 
case  of  vertical  polarization  the  tilt  angle  was  obtained  from 
the  computed  data  which  was  based  on  antenna  heights  conmensurate 
with  the  target  heights  used  in  the  study  (30  and  60  feet) . 

The  data  in  Figures  63  and  64  demonstrates  that,  at  the 
lower  frequencies,  the  tilt  angles  related  to  vertical  and 
horizontal  polarization  noticeably  differ,  but  that  this 
difference  decreases  as  frequency  and/or  range  increases. 

Axial  ratio  data  are  presented  in  Figures  65  through  67  as 
a  function  of  range  for  the  case  of  30- ,  60- ,  and  120 -megahertz 
frequencies.  The  axial  ratio  is  shown  for  a  30-  and  60-foot 
target  height.  The  antenna  heights  used  in  obtaining  the  data 
shown  in  Figures  65  through  67  were  those  necessary  to  achieve 
acceptable  field  patterns  at  the  target  heights  used  in  the 
study. 

On  the  basis  of  the  data  shown  in  Figures  65  through  67,  a 
range  greater  than  400  feet  is  necessary  to  maintain  the  axial 
ratio  of  a  value  greater  than  20  db  in  the  case  of  a  60-foot 
target  height  in  the  30-  to  100-megahertz  frequency  region.  In 
the  case  of  a  30-foot  target  height,  the  20-db  axial  ratio 
criterion  can  still  be  met  with  a  decrease  in  range  to  200  feet* 

3.3.4  Polarization  Capability 

Polarization  capability  refers  to  the  ability  to  establish 
an  arbitrary  polarization  over  a  target  region  of  selected  size. 

On  a  ground  plane  range,  this  type  of  operation  can  be  accomplished 
under  certain  conditions  even  though  the  vertical  and  horizontal 
ground  reflection  factors  are  different.  A  necessary  and  sufficient 
property  of  the  horizontally  and  vertically  polarized  fields  is 
that  they  exhibit  the  same  amplitude  and  phase  gradients  over  the 
selected  target  region.  In  general,  these  conditions  cannot  be 
met  by  using  the  same  antenna  height,  as  illustrated  by  the  data 
in  Figure  42.  In  such  cases,  either  two  sets  of  two  antennas 
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(‘'transmit  and  receive")  could  be  used,  or  possibly  the 
scattering  matrix  could  be  recorded  by  changing  antenna  heights 
for  the  two  polarizations.  Both  of  these  approaches  are  un¬ 
desirable  from  a  cost  and/or  operational  viewpoint.  For  this 
reason,  the  computer  results  were  examined  to  see  if  such 
operating  conditions  existed  that  arbitrary  polarization  could 
bs  achieved  by  using  the  same  anten:»a  height  for  both  polariza¬ 
tions. 

Presented  in  Figure  68  is  a  graphic  representation  of  opera¬ 
ting  conditions  which  allow  arbitrary  polarization  to  be  achieved 
by  using  the  same  antenna  heights.  The  operating  conditions  are 
plotted  in  terms  of  range  regions  as  a  function  of  frequency. 

The  operating  region?  were  determined  for  a  6-  and  8-foot 
vertical  target  region  at  two  heights  (the  horizontal  plane  region 
match  should  not  be  a  problem  at  the  frequencies  and  ranges 
being  considered).  This  work  was  based  on  meeting  criteria  to 
the  effect  that  the  two-way  amplitude  and  phase  gradient  were  ldb 
and  20  degrees,  respectively.  These  criteria  represent  quite  good 
conditions  of  orthogonality  as  determined  by  the  cross  section 
dynamic  range  ct-q  recorded  from  a  test  sphere  measured  in  the 
region  of  interest.  The  expression  for  this  dynamic  range  is 
given  by  Equation  4  in  terms  of  an  amplitude  gradient  error  of 
a 4  and  a  phase  gradient  error  of  2\4>  . 

1  +  2  cos  2A<ft 

1  +  «4  _  2  q;2  CQ5  2  A 

Using  values  of  1-db  and  20-degrees  (in  Equation  4  )  results  in 
a  dynamic  range  of  23  db.  (This  value  is  based  on  the  assumption 
that  the  gradient  errors  all  occur  in  the  region  of  the  test 
sphere  -  a  conservative  assumption.) 

The  operating  regions  indicated  in  Figure  68  are  such  that 
the  polarization  capability  can  be  achieved  at  reasonable  ranges 
at  frequencies  above  30  megahertz  if  a  6C-foot  target  height  is 
used.  The  cut  off  frequency  for  the  30 -foot  target  height  (or 
less)  is  between  60  and  90  megahertz. 
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SECTION  4 


SURFACE  FIELD  INVESTIGATION 
4.1  General 

In  the  VHF  region,  the  field  patterns  are  noticeably  a 
function  of  ground  conditions,  frequency,  range,  antenna  height, 
and  polarization.  The  effect  of  these  parameters  are  especially 
noticeable  in  the  case  of  vertical  polarization  as  indicated  by 
the  mathematical  model  presented  in  Section  3.  When  vertical 
polarization  is  used,  the  field  at  the  surface  of  the  ground 
can  become  greater  than  the  field  over  the  target  region.  This 
condition  is  undesirable  from  the  standpoint  of  the  target 
support  background  levels  that  will  be  encountered  in  the 
operation  of  a  cross  section  measurement  facility.  For  this 
reason,  an  investigation  of  the  surface  fields  at  RAT  SCAT 
was  undertaken.  The  study  program  included  a  measurement  phase 
and  an  analytical  phase  in  which  use  was  made  of  the  ground  plane 
model  presented  in  Section  3.  In  this  section,  a  technical 
description  of  the  study  is  presented  along  with  selected  results 
obtained  during  the  investigation. 

4.2  Analytical  and  Measurement  Programs 

The  analytical  and  measurement  programs  were  so  conducted 
that  not  only  were  the  surface  field  conditions  at  RAT  SCAT  ex¬ 
amined,  but  additional  information  was  also  provided  on  the  valid¬ 
ity  of  the  ground  plane  model.  This  additional  information  was 
generated  by  making  surface  field  measurements  as  a  function  of 
range  and  frequency  and  comparing  the  resultant  data  with  computed 
data. 


The  analytical  study  consisted  of  making  computations  by  use 
of  the  computer  program  described  in  Section  3.  The  computations 
were  made  for  the  case  of  a  half-wave  dipole  whose  center  was  lo¬ 
cated  A/4  above  the  ground  plane.  The  use  of  this  condition 
afforded  a  small  grazing  angle  which  is  conducive  to  producing  a 
large  surface  field.  Computations  were  made  for  the  ranges  and 
frequencies  indicated  in  Table  2  in  terms  of  each  of  the  moisture 
contents  indicated. 

Measurements  were  made  at  the  RAT  SCAT  site  at  A/4  antenna 
heights  at  the  frequencies  and  ranges  listed  in  Table  3  for  the 
case  of  vertical  polarization.  The  measurements  were  obtained 


by  using  a  Manson  Labs  frequency  synthesiser  generator  which 
exhibits  a  frequency  stability  of  1  part  in  10®  per  day.  The 
receiver  used  was  an  NF-105  and  the  associated  half-wave  dipoles 
whose  antenna  factor  is  known.  The  path  losses  of  the  feed 
cables  were  measured,  and  the  mismatch  factor  between  the  antennas 
and  the  feed  cable  was  taken  to  be  that  between  50  and  72  ohms. 
During  the  measurements ,  the  temperature  was  recorded  and  soil 
samples  were  taken  in  order  to  obtain  the  moisture  content.  The 
power  output  of  the  generator  was  monitored  to  ensure  that  it 
did  not  deviate  more  than  1/4  db. 

4.3  Program  Results 

The  data  obtained  from  measurements  at  RAT  SCAT  is  presented 
in  Table  3.  The  transmitter  power  and  receiver  power  refer  to 
the  power  delivered  to  and  received  at  the  anterna  terminals .  To 
compare  the  measured  data  with  that  computed,  both  types  of  data 
were  plotted  as  a  function  of  range  referenced  to  the  closest 
range.  These  plots  are  shown  in  Figures  69  through  74,  The  soil 
conditions  indicated  at  the  time  of  measurement  was  that  of  15 
percent  moisture  and  ambient  temperature.  Hence  the  computer 
curves  of  Figures  69  through  74  are  based  on  these  conditions. 

In  order  to  verify  the  necessity  of  using  the  correct  soil 
moisture  conditions  between  0  and  25  percent  to  obtain  the  degree 
of  correlation  indicated  in  Figures  69  through  74,  similar  curves 
were  plotted  for  the  case  of  each  of  the  soil  conditions  used  in 
the  computations.  This  data  is  presented  in  Figures  75  through 

77  for  the  cases  of  30- ,  60- ,  and  120-megahertz  frequencies. 

The  measured  data  are  also  plotted  in  these  curves,  and  it  can 

be  readily  seen  that,  in  order  to  obtain  the  degree  of  correlation 
achieved  in  Figures  69  through  74,  the  selected  soil  constants 
were  necessary.  These  results  provided  information  as  to  the 
validity  of  the  ground  plane  model  in  a  region  (near  the  surface) 
where  reliable  field  probe  information  is  normally  difficult  to 
obtain. 

Another  investigation  which  was  conducted  with  the  aid  of 
the  computer  results  was  the  investigation  of  the  amount  of  sur¬ 
face  wave  contribution  versus  space  wave  contribution  to  the  total 
surface  field  as  a  function  of  grazing  angle.  Presented  in  Figure 

78  is  a  plot  of  the  ratio  of  space  wave  to  surface  wave  as  a 
function  of  range  for  two  frequencies  between  30  and  100  megahertz. 
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Table  3  SURFACE  FIELD  MEASUREMENT  CONDITIONS  AND  RESULTS 


(sheet  1  of  2) 


Date 

Time 

Range 

Meters 

Frequency 

MHz 

Paver  At 

Xmitter 

Antenna 

Power  At 
Receiver 
Antenna 

Temp. 

°F 

Wind 

Knots 

7/15/65 
4:40  AM 

20 

180 

-3  dbm 

-45.5 

dbm 

90 

0-5 

4:47 

20 

120 

-3  dbm 

-42 

dbm 

90 

0-5 

4:55 

20 

90 

-1  dbm 

-40 

dbm 

90 

0-5 

5:00 

20' 

60 

0  dbm 

-37 

dbm 

90 

0-5 

5*05 

20 

45 

0  dbm 

-36 

dbm 

90 

0-5 

10/17/65 

1:10  PM 

20 

30 

0  dbm 

-34 

dbm 

80 

5-6 

7/15/65 
2:55  PM 

40 

180 

-2  dbm 

-50.5 

dbm 

96 

10  -  15 

2:43 

40 

120 

-2  dbw 

-18 

dbw 

96 

15  -  20 

2:22 

40 

90 

0  dbw 

-19 

dbw 

94 

15  -  20 

2:18 

40 

60 

0  dbw 

-15 

dbw 

99 

0-5 

2:13 

40 

45 

0  dbw 

-13 

dbw 

99 

0-5 

10/17/65 

1:20  PM 

40 

30 

0  dbm 

-40 

dbm 

80 

5-6 

7/15/65 

1:30  PM 

80 

180 

-3  dbw 

-29.5 

dbw 

98 

0-3 

1:36 

80 

120 

-2  dbw 

-25 

dbw 

98 

0-3 

1:42 

80 

90 

0  dbw 

-21 

dbw 

99 

0-3 

1:47 

80 

60 

0  dbw 

-20.5 

dbw 

100 

0-3 

1:55 

80 

45 

0  dbw 

-18.5 

dbw 

94 

0-3 

10/17/65 

1:30  PM 

80 

30 

0  dbm 

-46 

dbm 

80 

5-6 

7/15/65 

12:10  PM 

160 

180 

-2  dbw 

-41.5 

dbw 

96 

0-5 

12:02 

160 

120 

-2  dbw 

-33 

dbw 

96 

0-5 

11:58 

160 

90 

0  dbw 

-29 

dbw 

96 

0-5 

11:53 

160 

60 

0  dbw 

-28.5 

dbw 

96 

0-5 

11:48 

160 

45 

G'  dbw 

-22.5 

dbw 

0-5 

10/17/65 

1:40  PM 

160 

30 

0  dbm 

-52 

dbm 

80 

5-6 

j . . .  ,  i, 


30 


0  dbm 


-52  dbm 


80 


5-6 


Table  3  SURFACE  FIELD  MEASUREMENT  CONDITIONS  AND  RESULTS 

(Sheet  2  of  2) 


Date 

Time 

Range 

Meters 

Frequency 

MHz 

Power  At 

Xmitter 

Antenna 

Power  At 
Receiver 
Antenna 

Temp. 

°F 

Wind 

Knots 

7/15/65 

10:10  AM 

320 

180 

-2  dbw 

-63  dbw 

90 

5-10 

10:15 

320 

120 

-2  dbw 

-50  dbw 

91 

5-10 

10:20 

320 

90 

0  dbw 

-40  dbw 

93 

5-10 

10:25 

320 

60 

0  dbw 

-36  dbw 

94 

5  -  10 

10:30 

320 

45 

0  dbw 

-31  dbw 

95 

5-10 

10/17/65 

2:00  PM 

320 

30 

0  dbm 

-59  dbm 

80 

5-6 

7/15/65 

10:00  AM 

640 

180 

-2  dbw 

-73.5  dbw 

86 

5-10 

9:54 

640 

120 

-2  dbw 

-65  dbw 

86 

5-10 

9:50 

640 

90 

0  dbw 

-54.5  dbw 

85 

5-10 

9:44 

640 

cO 

0  dbw 

-44  dbw 

84 

5-10 

9:40 

640 

45 

0  dbw 

-37  dbw 

87 

5-10 

10/17/65 

2:20  PM 

640 

30 

0  dbm 

-77  dbm 

80 

5  -  6 

7/14/65 
5:15  PM 

1200 

~6  dbw 

r  - - 

-87.5  dbw 

98 

5-10 

4:35 

1200 

-5  dbw 

-80.5  dbw 

99 

5-10 

5:30 

1200 

-2  dbw 

-72  dbw 

94 

5  -  10 

5:45 

1200 

0  dbw 

-50.5  dbw 

SI 

5  -  10 

6:00 

1200 

0  dbw 

-47  dbw 

92 

5-10 

10/17/65 
2:50  PM 

j  1200 

0  dbm 

-74  dbm 

80 

5-6 
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The  grazing  angle  is  denoted  on  each  of.  the  curves,  and  it  is 
apparent  that,  the  ratio  of  surface  wave  to  space  wave  is  a 
function  of  the  grazing  angle  and  is  rather  independent  of  fre¬ 
quency. 

Although  antenna  heights  very  near  the  ground  were  considered 
in  the  surface  field  measurement  and  validation  program,  surface 
fields  are  still  present  at  antenna  heights  which  are  practical 
for  an  operational  backscatter  range.  However,  just  as  in  the 
case  of  the  lower  antenna  heights,  the  amount  of  surface  field 
relative  to  the  space  field  (or  total  field  in  the  target  region) 
is  dependent  on  range,  frequency,  and  soil  conditions.  In  Section 
6,  data  is  presented  for  practical  antenna  heights  to  indicate  the 
decay  of  the  surface  field  relative  to  the  field  in  the  target 
region  as  a  function  of  range  and  frequency. 
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SECTION  5 


INDUCTION  FIELD  A!®  VALIDATION  TESTS 


5 . 1  Generrl 

A  measurement  program  was  conducted  at  RAT  SCAT  during 
this  initial  study  phase  of  the  VHF  program  to  obtain  (1)  data 
on  coupling  errors  which  are  introduced  by  target-ground  in¬ 
duction  field  interaction,  (2)  further  information  on  the 
validity  of  the  ground  plane  computer  model,  and  (3)  cross 
section  measurements  of  full-scale  targets  in  the  VHF  region 
for  comparison  with  data  obtained  under  free  space  conditions. 

The  induction  field  data  was  obtained  by  making  measure¬ 
ments  on  cylindrical  objects  of  different  sizes  as  a  function 
of  frequency,  polarization,  and  target  height.  The  A/4  cyclic 
variation  of  the  field  occurring  as  a  function  of  height  was 
then  analyzed  in  terms  of  the  parameters  indicated  above. 

Field  probe  validation  data  was  obtained  by  making  ooe- 
way  field  probes  at  antenna  heights,  frequencies,  and  ranges 
used  in  the  computer  study.  The  soil  moisture  and  the  tem¬ 
perature  were  noted  during  the  measurements,  and  the  measured 
data  was  compared  with  the  computer  data  generated  by  using 
the  soil  constants  nearest  in  value  to  those  indicated  by  the 
moisture  and  temperature  readings. 

The  cross  section  measurements  were  made  at  frequencies 
of  30  and  60  megahertz  on  targets  for  which  comparative  data 
was  available  from  scaled  model  measurements. 

5.2  Induction  Field  Program 

To  obtain  information  representative  of  the  effects  of 
the  mutual  coupling  between  the  target  and  the  ground  on  cross 
section  accuracy,  a  measurement  program  was  conducted  at  RAT 
SCAT.  The  parameters  varied  during  the  measurement  program 
were  (1)  frequency,  (2)  target  size,  (3)  polarization,  and 
(4)  target  height.  The  measurement  system  used  was  the  GT*/FW 
VHF  electronic  system  and  a  target  support  constructed  for 
the  VKF  program.  The  measurements  were  made  by  using  a  range 
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of  350  feet  (except  for  the  case  of  120-  and  180 -megahertz 
vertical  polarization,  refer  to  Table  4)  and  a  dual-antenna 
system  for  which  the  transmitting  and  receiving  antennas  were 
separated  between  85  and  150  feet  (Figure  79).  The  electronic 
system  (Figure  80)  was  operated  essentially  CW  and  the 
achievable  background  levels  were  obtained  by  cancelling  the 
extraneous  signals  received  without  a  target.  RFI  was  main¬ 
tained  below  the  cancellation  levels  by  U3ing  a  relatively 
narrow  bandwidth  IF  system  (2  megahertz)  and  RF  filters. 

The  target  height  was  varied  continuously  be  means  of  a 
pulley  system  supported  on  the  36-inch-diameter  fiberglass 
tube  used  for  a  target  support  (Figure  81).  The  wall  thick¬ 
ness  of  the  fiberglass  tube  was  3/8  inch,  and  the  tube  was 
adjustable  from  36  to  65  feet  in  height.  The  column  was 
extended  to  65  feet  for  measurements  at  30  and  60  megahertz 
while  a  37 -foot  height  was  used  to  obtain  data  at  120  and  180 
megahertz.  Cross  section  and  height  were  correlated  by  driving 
the  recorder  from  a  height  servo  connected  to  the  target. 

Although  measurements  were  made  on  dipoles,  loops,  and  spheres, 
these  were  primarily  taken  for  calibration  purposes.  The  primary 
targets  used  to  investigate  coupling  were  cylindrical  objects 
constructed  by  welding  2-foot  diameter  oil  drums  end-to-end  (Figure 
82).  This  technique  was  used  to  construct  cylindrical  targets  of 
40-,  20- ,  and  10-foot  lengths. 

5.2.1  Induction  Field  Measurement  Results 


Table  4  contains  a  list  of  the  conditions  under  which  the 
induction  field  measurements  were  made.  Except  for  the  vertical 
polarization  cases  (especially  at  120  and  180  megahertz) ,  the 
background  levels  were  sufficiently  below  the  target  return  (for 
maximum  return  position)  that  errors  caused  by  background  inter¬ 
ference  did  not  greatly  degrade  the  coupling  experiments.  However, 
in  almost  all  cases  (especially  at  the  higher  frequencies),  back¬ 
ground  interference  and/or  target  motion  was  noticeable  as  evidenced 
by  differences  between  plots  obtained  by  repeating  the  measurement. 
The  isolation,  cancellation  and  background  levels  indicated  in 
Table  4  are  representative  values  obtained  from  repeated  measure¬ 
ments  made  at  the  indicated  range  geometries.  These  values  will 
not  necessarily  correspond  to  any  of  the  values  noted  with  the 
data  selected  for  presentation  in  this  report. 
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(Induction  Field  and  Coupling  Tests): 
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Typical  plots  obtained  from  the  measurement  program  are  shovn 
in  Figures  83  through  88  for  the  cases  of  30,  60,  120  and  180 
megahertz.  In  all  cases  associated  with  the  cylinders,  the  hori¬ 
zontal  polarization  measurements  exhibited  the  largest  evidence  of 
coupling.  However,  this  result  should  be  expected  if  a  simple 
scattering  model  based  on  far-field  type  scattering  is  considered. 

In  other  words,  in  a  simple  far-field  scattering  model,  the 
coupling  error  is  a  function  of  the  bistatic  cross  section  level 
(  Cfc)  and  monostatic  cross  section  level  (  <rm)  in  the  form  (  Ob^'^a)* 
Hence,  if  the  monostatic  and  bistatic  cross  sections  kept  the  same 
relative  differences  but  each  was  much  smaller  in  one  polarization 
than  in  another,  the  coupling  error  should  reflect  this  change. 

The  measured  data  was  reduced  to  a  more  useful  form  by  plotting 
the  coupling  error  as  a  function  of  target  height,  target  size, 
frequency,  and  polarization.  This  data  is  presented  in  Figures  89 
through  92.  The  data  was  obtained  by  taking  the  deviation  in  db 
from  the  mean  drawn  through  the  cyclic  field  probe  and  referring 
to  this  deviation  as  the  error  produced  by  the  coupling.  There 
is  quite  good  correlation  between  the  height  positions  where  maximum 
and  minimum  deviations  occur  and  the  multiples  of  A/4.  In  the 
vertical  polarization  cases  in  which  no  coupling  error  could  be 
detected  data  is  not  shown.  Even  in  the  case  where  vertical 
polarization  data  are  plotted  (30  megahertz),  the  non-periodic 
variations  indicate  the  anomalies  were  caused  by  target  motion  and/or 
background  interference  except  near  ground  level. 

One  of  the  important  parameters  of  interest  during  this  study 
was  the  decay  rate  of  the  ground-reflected  energy  as  a  function  of 
height.  Analyses  of  the  data  indicate  that  the  reflected  power 
appears  to  decay  proportional  to  R"x,  15XS2.  This  finding  indicates 
that  the  decay  rate  is  much  slower  than  that  predicted  by  use  of  a 
simple  far-field  model.  However,  it  is  not  too  difficult  to 
construct  a  near-field  model  which  can  be  used  to  predict  decay 
rates  such  as  those  observed  (namely,  a  model  in  which  consideration 
is  given  tc  che  increase  in  gain  of  the  effective  ground  aperture 
as  a  function  of  height).  Hence  the  ground  reflected  energy  height 
decay  rates  indicated  by  the  measurements  should  be  considered 
typical  when  considering  a  target  support  system. 

Another  fact  which  is  supported  by  the  measured  data  is  that, 
in  the  regicn  below  60  megahertz ,  it  is  quite  easy  to  choose  a 
target  height  so  that  the  ground -ref lec ted  energy  has  a  null  effect 
on  the  measured  cross  section.  These  heights  are  the  odd  multiples 
of  .\/8.  At  these  heights  (theoretically  the  exact  heights  are 
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slightly  different  from  these  odd  multiples  of  A/8),  the  cross 
section  of  the  interacting  component  adds  incoherently,  and  the 
error  introduced  practically  vanishes.  Although  th^3  phenomenon 
occurs  at  all  frequencies,  only  below  the  60-megahertz  region 
(and  as  a  function  of  target  size)  does  it  become  practical  to 
place  a  target  in  an  A/8  height  position.  Use  of  this  technique 
in  the  30 -megahertz  region  would  allow  target  heights  to  be  used 
at  which  there  would  be  a  noticeable  coupling  error  at  +  A/8 
distances  from  the  target  position. 

The  coupling  results  presented  above  indicate  that  coupling 
must  be  taken  into  consideration  in  the  choice  of  a  feasible 
range  configuration.  In  Section  6,  the  range  geometries  are 
selected  based  on  a  consideration  of  target  heights  and  sizes 
which  should  produce  insignificant  coupling  errors;  these  heights 
are  based  on  the  data  generated  during  the  investigation  of  the 
induction  field. 

5.3  Validation  Program 

The  validation  program  was  undertaken  in  order  to  obtain 
information  on  the  validity  of  the  ground  plane  model  and  to 
obtain  cross  section  measurements  at  range  geometries  selected 
on  the  basis  of  results  obtained  from  the  computer  study  and 
induction  field  measurements.  Further,  the  results  obtained 
from  this  program  were  to  be  used  in  defining  a  more  optimum 
configuration,  if  necessary,  for  making  final  measurements  to 
demonstrate  feasibility  of  making  cross  section  measurements  in 
the  VHF  region. 

Information  as  to  the  validity  of  th'*  ground  plane  model  was 
obtained  in  the  form  of  field  probe  data.  Data  was  taken  at  two 
ranges,  a  short  range  (328  feet)  and  a  long  range  (1575  feet)  at 
four  frequencies  and  both  polarizations.  All  of  the  parameters 
used  in  the  measurements  were  such  that  computer  data  was  available 
for  these  conditions  (except  possibly  the  soil  parameters).  The 
soil  parameters  were  estimated  by  noting  the  temperature  and  soil 
moisture  condition  during  the  measurement.  The  computer  data 
generated  on  the  basis  of  soil  conditions  most  similar  to  those 
noted  during  the  measurements  were  used  for  comparison  purposes. 
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The  measurements  obtained  at  the  short  ranges  were  obtained 
at  the  lower  frequencies  (30  and  60  megahertz)  by  using  a  yagi 
transmitting  antenna  and  a  dipole  for  receiver  and  two  dipoles 
at  the  higher  frequencies  (120  and  180  negahertz).  The  data 
was  recorded  by  using  the  GD/EV  cross  section  measurement 
system  discussed  in  subsection  5.2  by  running  a  coaxial  cable 
from  the  target  region  back  to  the  receiver.  At  the  longer  range, 
this  technique  was  net  feasible,  and  use  was  msda  of  &  technique 
similar  to  that  described  in  Section  4  for  obtaining  surface  field 
data.  Also,  at  the  longer  range,  information  on  absolute  path 
loss  was  obtained. 

In  the  c'-oss  section  measurement  program,  the  targets 
measured  at  30  and  60  megahertz  were  those  for  which  cross  section  data 
was  obtained  from  scaled  models  of  the  targets.  The  scaled  data  was 
obtained  at  RAT  SCAT  from  measurements  made  at  1320  megahertz.  The 
targets  used  in  the  measurements  were  those  described  in  subsection 
5.2,  i.e.,  cylindrical  targets  constructed  from  oil  drums  (Figure 
82).  The  scaled  models  of  the  cylindrical  objects  are  depicted 
in  Figure  93.  The  scale  factors  used  to  obtain  the  models  were 
1/44  in  the  case  of  30  megahertz  and  1/22  in  the  case  of  60  mega¬ 
hertz.  Physical  measurements  of  the  actual  scaled  models  showed 
that  the  model  scaled  for  the  30-megahertz  full-scale  target  of 
41.5  feet  actually  represented  a  target  43  feet  in  length  (3.6 
percent  error)  with  the  same  diameter  as  the  actual  target.  The 
remaining  models  represented  full-scale  targets  within  .5  percent 
of  the  dimensions  of  the  actual  targets. 

The  primary  differevice  between  the  scaled  data  and  full-scale 
data  appeared  to  be  caused  by  the  difference  in  the  bistatic  angles 
used  in  the  two  measurements .  The  bistatic  angle  used  to  obtain 
the  scaled  data  was  less  than  .5  degree,  whereas  in  the  full- 
scale  measurements,  bistatic  angles  of  12  and  22  ."agrees  were 
used  in  the  case  of  horizontal  and  vertical  polarizations,  respectively. 
These  bistatic  angles  were  necessary  in  order  to  achieve  the  amount 
of  stable  isolation  required  to  maintain  a  stable  background  level 
sufficiently  below  the  target  cross  section  to  give  negligible 
background  interference.  At  the  beginning  of  the  measurement  program, 
it  was  found  that  spatial  antenna  separation  was  necessary  to  achieve 
the  required  amount  of  stable  isolation.  At  first  a  RAT  SCAT 
mobile  target  shelter  was  used  to  isolate  one  of  the  antennas  from 
the  other.  This  technique  is  illustrated  in  Figure  94.  Although 
a  RAT  SCAT  mobile  shelter  is  not  ideally  suited  for  an  antenna 
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housing  (Figure  95  shows  the  vertical  field  for  an  antenna  inside 
and  outside  of  the  mobile  shelter),  results  obtained  at  GD/FW  by 
using  an  antenna  housing  constructed  for  the  purpose  of  isolation 
indicated  cancellation  instability  problems  not  as  severe  but 
similar  to  those  experienced  at  RAT  SCAT  in  the  use  of  the  mobile 
shelter. 

The  problems  encountered  and  results  obtained  during  this 
phase  of  the  validation  program  have  lead  to  considering  different 
range  geometry  configurations  than  those  used  for  the  reported 
measurement.  In  other  words,  the  range,  antenna  heights,  and 
target  lengths  used  to  obtain  the  cross  section  data  were  based 
primarily  on  (1)  acceptable  field  gradients  in  the  target  region, 
(2)  target  heights  sufficient  to  minimize  coupling,  and  (3)  a 
range  which  allowed  a  sufficiently  low  level  of  measurement 
sensitivity  with  the  available  electronic  system.  In  Section  4, 
range  configurations  are  discussed  in  terms  of  the  above  factors, 
but  in  addition,  consideration  is  given  to  isolation  by  antenna 
separation  (bistatic  angle)  and  to  other  undesirable  features, 
such  as  tilt  angle,  which  were  present  in  the  cross  section 
measurements  being  reported. 

5.3.1  Validation  Measurement  Results 

The  results  obtained  from  the  vertical  field  measurement 
program  are  presented  in  Figures  96  through  99.  The  328-foot 
range  data  are  presented  in  Figures  96  and  97  along  with  the 
computed  data.  The  1575-foot  range  data  are  presented  in 
Figures  S3  and  99.  The  computed  data  was  normalized  to  the 
measured  data  by  equating  the  maximum  relative  amplitudes  of 
both  sets  of  data  over  the  height  range  for  which  both  types  of 
data  were  available.  The  degree  of  correlation  achieved  between 
measured  and  computed  data  was  in  general  quite  good,  and  in  the 
few  cases  close  to  the  ground  level  where  substantial  differences 
were  noted  these  were  attributed  to  interaction  between  the  probe 
and  the  target  support  as  well  as  possible  field  anomalies  caused 
by  the  20-foot  diameter  pit  located  under  the  probe  region. 

In  the  case  of  the  1575-foot  range  measurements,  absolute 
path  loss  information  was  obtained  in  addition  to  the  field 
gradient  information.  The  path  loss  data  was  obtained  by 
measuring  the  antenna  feed  cable  losses  and  maintaining  the  output 
of  a  calibrated  HP  608  generator  constant  during  the  measurements. 
The  calibrated  dipole  antennas  used  in  these  measurements  produced 
a  mismatch  between  feed  line  and  antenna  of  1.7  db.  The  measured 
data  is  presented  in  Table  5. 
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Table  5  FIELD  PROBE  AHD  PATH  LOSS  DATA 


Field  Probe  Data 
(Temperature  -  70°F) 


Probe 

1 

- 1 

■  1  "  1 

“l 

Height 

30  MHz 

60  MHz 

120  MHz 

180  MHz 

(Feet) 

H 

V 

H 

V 

H 

V 

H 

V 

0 

0 

0 

0 

6 

-16 

-5 

3 

8 

7 

26 

1 

3.5 

-6 

-4.5 

6 

13.5 

14 

26 

5 

2 

-2 

-3.5 

9 

15.5 

39.5 

18.5 

26.5 

9.5 

4 

0 

-2.5 

12 

18.1 

40 

20 

25.8 

11.4 

5 

1.5 

-1 

15 

20.5 

39.5 

22 

26 

11.4 

6 

2.8 

0.5 

18 

22.3 

39.2 

24.5 

25.6 

13.5 

8.5 

3.8 

1  -4  1 

21 

23.8 

39.1 

25 

24.7 

14.8 

9 

4.8 

1.7  ! 

24 

24.5 

39.1 

26.5 

24 

15.8 

10.5 

4.8 

2.5  i 

27 

25.2 

38.8 

27.8 

23.7 

16 

11.2 

6.1 

3 

30 

26.2 

38.7 

28 

23.7 

16.4 

12.1 

6.6 

3.9 

33 

27.3 

38.6 

29 

23.7 

17.4 

12.8 

7.2 

4.8 

36 

28.2 

38.5 

29.8 

23.5 

18.3 

13.5 

7.2 

5 

39 

28.7 

38.3 

30 

23.5 

18.8 

14 

7.2 

5 

42 

29.3 

38.4 

30.8 

24 

19.6 

14.5 

7.2 

5 

45 

29.9 

38.3 

31.3 

24 

19.7 

15 

6.9 

5.3 

48 

30.5 

38.0 

31.7 

24.3 

20 

15.5 

6.3 

5.5 

51 

31.1 

37.9 

32.8 

24.3 

20.4 

16 

6 

5.4 

54 

31.5 

37.7 

32.8 

24.3 

20.5 

16.3 

5.7 

5 

57 

31.8 

27.4 

33 

24.8 

20.75 

16.7 

5.6 

4.5 

60 

32 

33.5 

25 

21 

17.2 

5.4 

4.5 

L  63 

32.5 

33.5 

22 

4 

Line  Loss 

10.9  cb 

14.4 

db 

19.4 

db 

23.4 

db 

Reference 

99 

100 

99 

98 

Path  Loss  Data 

Frequency  (MHz)  Computed  (db) 

Measured  (db) 

30 

55 

57 

60 

63.6 

64 

120 

75.4 

77 

180 

83.4 

90 
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A  comparison  between  measured  path  loss  and  that  computed 
by  using  the  standard  one-way  transmission  equation  (Reference  3) 
was  made  for  the  case  of  horizontal  polarization  in  order  to  check 
the  validity  of  using  the  standard  radar  equation  along  with  the 
ground  plane  computations  for  predicting  measurement  sensitivities 
of  other  range  geometries.  The  ground  plane  effect  was  included 
into  the  one-way,  free-space  equation  by  adding  6  db  to  the  computed 
data  minus  the  amount  the  computed  data  indicated  the  maximum  value 
was  from  the  ideal  ground  plane  maximum  (for  -1  reflection  factor, 
this  ideal  value  would  be  6  db  above  the  antenna  free  space  maximum) 
The  computed  versus  measured  path  loss  information  is  also  pre¬ 
sented  in  Table  5.  Except  for  the  case  of  180 megahertz,  the  correla 
tion  between  computed  and  measured  was  within  2  db.  At  180 
megahertz,  the  large  difference  (6  db)  was  partially  attributed 
to  a  change  in  IF  gain  on  the  NF-1Q5  receiver  which  was  made  for 
the  180-megahertz  measurement  to  increase  the  measurement 
sensitivity  beyond  the  100-db  calibrated  scale,  and  the  maintenance 
of  proper  orientation  of  the  dipoles . 

The  measured  path  loss  data  was  used  in  conjunction  with  the 
radar  equation  and  computer  study  results  to  obtain  an  estimate 
of  the  measurement  sensitivity  as  a  function  of  range  and  fre¬ 
quency.  Path  loss  information  was  extended  to  other  ranges  by 
using  the  relationship  given  in  Equation  5  ;  this  data  is  presented 
in  Figures  100  and  101  for  the  cases  of  horizontal  and  vertical 
polarizations  at  frequencies  of  30,  60,  120  and  180  megahertz. 

o'  =  4  7r  R2  Pr/M  (480/R)2  Gr2  Pr2  L  (5) 

where 

M  *  Measured  path  loss  without  cable  loss  at  1575 

feet  referenced  to  correct  position  for  selected 
antenna  heights  and  target  height 

R  *  Range  in  meters 

Gr  ~  Antenna  gain  relative  to  a  dipole  (2  db) 

Pr  ®  Receiver  sensitivity  (dbm) 

Pr  =  Transmitter  power  (dbm) 

L  m  Cable  and  filter  losses 
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Thfc  value  of  H  in  the  *bove  equation  wf  adjusted  from  that 
measured  at  1575  feet  by  using  the  amount  predicted  on  the 
basis  of  the  computer  results.  This  amount  in  general  depends 
upon  the  target  height,  antenna  heights,  frequency,  and  soil 
conditions.  The  soil  parameters  used  were  those  associated 
with  15-percent  moisture  conditions  (normal  conditions);  the 
antenna  heights  used  were  those  values  which  give  acceptable 
field  patterns  at  target  heights  in  the  30-  to  65-foot  region. 

The  transmitter  power  used  to  arrive  at  the  sensitivity 
curves  was  200  watts  and  the  antenna  gains  were  10  db  and  15  db 
over  a  dipole  at  30  and  60  megahertz  and  120  and  180  megahertz 
respectively.  The  cable  and  filter  loss  was  assumed  to  be  5  db 
at  frequencies  of  30  and  60  megahertz  and  8  db  at  120  and  180 
megahertz.  The  receiver  sensitivity  (including  the  noise  figure) 
was  taken  as  -105  dbm. 

The  data  presented  in  Figures  100  and  101  were  used  as  the 
basis  for  establishing  the  potential  measurement  capabilities 
associated  with  the  range  geometries  discussed  in  Section  6. 

5.3.2  Cross  Section  Measurement  Results 


The  full-scale  cross  section  measurements  were  obtained 
under  the  range  geometry  conditions  presented  in  Table  4.  The 
measured  data  is  presented  in  Figures  102  through  105. 

In  the  vertical  polarization  case,  the  target  height 
(38  feet)  and  range  (350  feet)  were  such  that  a  tilt  angle  of 
»  5  and  »  4  degrees  were  present  in  the  case  of  30  and  60 
megahertz,  respectively.  In  the  case  of  horizontal  polarization, 
the  tilt  angles  were  11  and  b  degrees  for  the  cases  of  30  and  60 
megahertz,  respectively.  The  bistatic  angles  associated  with 
each  of  the  measurement  conditions  were  12  degrees  for  horizontal 
polarization  and  22  degrees  for  vertical  polarization.  The  heights 
selected  for  Lhe  measurements  were  such  that  coupling  errors  should 
be  minimized  except  in  the  case  of  horizontal  polarization  at  30 
megahertz.  Except  for  this  .case,  the  target  heights  were 
approximately  odd  multiples  of  A/8.  In  the  30-megahertz  horizontal 
polarization  case,  the  target  was  placed  at  the  maximum  height 
attainable  which  was  a  position  of  2  A  (66  feet).  Consequently, 
an  additive  error  of  the  magnitude  predicted  from  the  induction 
field  measurements  was  anticipated  for  the  broadside  condition. 
Comparison  of  the  model  data  with  full-scale  data  for  this  case 
indicates  an  error  very  close  to  the  predicted  amount. 
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The  full-scale  cross  section  measurements  were  made  by  using 
a  half-wave  dipole  to  calibrate  the  system.  The  background  levels 
were  in  all  cases  better  than  20  db  lower  than  the  maximum  cross 
section,  and  in  the  case  of  horizontal  polarization,  the  background 
was  40  db  lower  than  the  maximum  cross  section  of  the  cylinders. 
Background  data  is  presented  in  Figures  106  and  107  for  the  case 
of  60-megahertz  frequencies  at  horizontal  and  vertical  polarization. 

Scale  model  cross  section  data  corresponding  to  the  full- 
scale  target  geometries  are  presented  in  Figures  108  through  111 
for  the  case  of  zero  tilt  angle  and  essentially  zero  bistatic 
angle.  The  background  levels  associated  with  these  scaled  model 
measurements  are  presented  in  Figures  112  and  113.  The  vertical 
polarization  measurements  were  made  with  a  background  between  15 
and  30  db  below  the  maximum  return.  Hence  in  some  cases  a  compari¬ 
son  between  full-scale  and  model  data  except  at  the  maximum  values 
has  little  meaning.  The  worst  case  is  the  14-barrel  model  (Figure 
109)  where  the  model  background  was  at  most  15  db  below  the  model 
return. 

To  compare  cross  section  levels  between  the  full-scale  and 
model  data,  32.9  db  should  be  added  to  the  14-barrel  mode]  data 
scale  and  26.9  db  to  the  7 -barrel  model  data  scale.  In  Table  6, 
the  values  of  several  scattering  characteristics  are  listed  for 
both  full-scale  and  model  cases;  these  data  serve  to  summarize 
the  degree  of  correlation  achieved  between  the  two  measurement 
series.  The  broadside  cross  section  values  agreed  to  within  2  db 
in  all  cases;  the  worst  case  was  that  of  30-megahertz  horizontal 
polarization.  However,  on  the  basis  of  the  induction  field  tests 
and  the  2\  height  used  in  the  measurement  (see  Figure  89),  a  1  db 
error  should  be  present. 

Hence,  if  this  error  is  accounted  for,  the  agreement  of  the 
broadside  values  is  within  1.5  db  in  all  cases.  The  most  noticeable 
differences  between  the  two  sets  of  data  are  the  side  lobe  levels 
and  the  angular  distances  between  nails  and  the  end-on  cross  section 
differences  in  the  cases  of  vertical  and  horizontal  polarizations. 
These  characteristics  are  tnose  -nest  affected  by  the  difference 
in  the  bistatic  and  cilt  angle  between  the  two  sets  of  measurements. 
For  example,  in  comparing  the  two  sets  of  14 -barrel  data  in  the 
case  of  horizontal  polarization,  it  is  seen  that  in  the  full-scale 
case  the  side  lob;  levels  are  less  (even  if  coupling  error  is  sub¬ 
tracted)  than  the  main  lobe,  whereas  in  the  model  data  they  arc 
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Table  6  COMPARISON  OF  FULL  SCALE  AND  MODEL  SCATTERING  CHARACTERISTICS 


larger.  Also,  the  distance  betweefi  nulls  in  the  full-scale 
case  is  46  degrees  and  only  40  degrees  in  the  model  data. 

Although  some  of  the  angular  separation  can  be  accounted  for 
(  ^  2  degrees)  because  the  model  data  represents  a  full-scale 
target  3.6  percent  longer  than  the  actual  full-scale  target, 
most  of  the  difference  is  due  to  the  angles  mentioned  above. 

To  demonstrate  this  fact,  the  14 -barrel  model  was  measured  at 
the  tilt  angles  for  which  the  full-scale  measurements  were 
made  (Figures  114H  and  114V).  Although  the  data  should  still 
noc  be  related  isomorphically  because  the  bistatic  angles  are 
different,  the  data  obtained  with  the  same  tilt  angler  used 
in  the  full‘-scale  model  is  approaching  the  full-scale  data 
in  the  right  manner.  In  Lhe  horizontal  polarization  case 
(Figure  114H) ,  the  null  separation  has  decreased  2  degrees, 
and  the  side  lobes  relative  to  the  main  lobe  have  decreased 
(there  was  a  slight  wobble  in  the  column  rotation  which  causes 
the  asymmetry  of  the  side  lobes). 

The  largest  discrepancy  in  the  measured  data  is  that  cf  the 
end-on  cross  section  values  between  horizontal  and  vertical 
polarizations  in  the  case  of  30  megahertz.  The  cross  section 
for  each  of  the  polarizations  in  this  case  should  be  the  same 
as  indicated  by  the  data  in  Figures  108  and  109  (the  2  db 
difference  is  attributed  to  the  background  levels  as  shown 
in  Figures  112  and  113).  The  difference  between  the  cross  sections 
in  the  full-scale  case  was  9  db.  However,  this  difference  can 
be  accounted  for  by  noting  that  azimuth  variation  in  the  vertical 
polarization  case  is  equivalent  to  tilt  angle  in  the  horizontal 
case  and  vice  versa  (true  for  end-on  only  and  neglecting  bistatic 
angle).  Also  it  is  noted  that  in  the  vertical  polarization  case 
the  cross  section  is  insensitive  to  azimuth  change  about  end-on, 
but  not  so  in  the  horizontal  polarization  case.  Hence,  if  tie 
difference  between  end-on  and  5  to  6  degrees  from  end-on  in  the 
horizontal  case  with  zero  bistatic  (Figure  108)  is  examined  most 
of  the  discrepancy  (8  db)  in  the  full  scale  data  can  be  explained. 
Furthermore,  the  scale  model  tests  conducted  with  and  without 
the  full  scale  tilt  angles  shows  the  same  9  db  difference  exhibited 
by  the  full  scale  data.  Also,  the  same  reasoning  can  be  used  to 
obtain  correlation  in  the  60  megahertz  data  although  the  difference 
were  not  as  great  at  this  frequency. 

In  the  vertical  polarization  case  another  substantial  change 
appears  to  be  produced  by  that  angle.  The  data  obtained  by  using 
a  5-degree  tilt  angle  (Figure  114V)  did  not  exhibit  side  lobes, 
just  as  in  the  case  of  the  full-scale  data.  Also,  the  main  lobe 


null  width  increased  to  approximately  55  degrees  in  comparison  to 
47  degrees  for  the  zero  tilt  angle  model  data  and  61  degrees  in 
the  case  of  the  full-scale  data.  Although  the  background  level 
which  was  present  in  the  case  of  the  5 -degree  tilt  model  data  was 
such  that  the  recorded  levels  in  the  side  lobe  and  nose -on  regions 
are  not  considered  accurate,  the  trend  of  the  data  to  converge 
to  that  recorded  in  the  full-scale  case  is  apparent.  The  tilt 
angle  conditions  for  the  7 -barrel  data  were  used  to  obtain  new 
model  data  also,  but  these  angles  were  6  degrees  or  less,  and 
although  the  same  trends  were  noted  as  discussed  above,  the 
measured  results  were  so  similar  to  the  zero  tilt  angle  data  that 
the  plots  are  not  presented. 

The  information  obtained  from  the  cross  section  measurement 
program  provided  evidence  that  the  bistatic  angles  and  tilt 
angles  associated  with  the  range  configurations  used  in  the 
recorded  measurements  produce  detectable  errors  in  the  cross 
section  data.  Also  the  data  indicated  that,  if  these  angles 
were  reduced  to  the  less-than-4-and  2-degree  regions,  respectively, 
incurred  errors  should  become  negligible.  This  type  of  criterion 
is  used  in  Section  6  in  selecting  range  geometries. 
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SECTION  6 


SUMMARY 


6.1  General 

In  the  preceding  sections,  the  results  of  several  specific 
study  and  measurement  programs  have  been  reported.  These  individual 
programs  were  undertaken  to  obtain  information  with  which  j  design 
a  VIIF  cross  section  measurement  system  to  demonstrate  the  feasibility 
of  making  VHF  cror s  section  measurements  at  RAT  SCAT. 

Before  such  a  system  is  designed,  consideration  should  be 
given  to  the  integrated  effects  of  the  factors  discussed  separately 
in  the  preceding  sections,  as  well  as  those  of  other  factors  normally 
associated  with  a  cross  section  measurement  system.  In  other  words, 
an  effort  should  be  made  to  consider  simultaneously  the  pertinent 
factors  influencing  the  performance  of  a  VHF  cross  section  system, 
as  well  as  the  available  hardware  and  the  operational  problems 
associated  with  potential  designs. 

In  this  section  the  results  cf  such  an  integrated  effort  are 
presented  after  the  individual  factors  germane  to  a  feasible  range 
design  are  reviewed.  From  these,  an  approach  is  recommended  for 
implementation  and  demonstration  of  a  dual  measurement  capability 
at  RAT  SCAT  (by  use  of  the  same  electronic  system) .  In  making  this 
recommendation,  consideration  is  given  to  the  fact  that  in  the 
present  program  it  is  planned  to  demonstrate,  via  measurements  at 
RAT  SCAT,  feasibility  only  in  the  30-  to  100-megahertz  frequency 
region.  However,  the  frequency  region  (30  to  180  megahertz)  has 
been  considered  from  a  performance  viewpoint,  nd  even  though  the 
demonstration  equipment  can  only  be  operated  in  the  30-  to  100- 
megahertz  region,  the  recommended  range  design  and  chosen  measure¬ 
ment  techniques  will  be  feasible  up  to  180  megahertz. 

Along  the  same  lines,  there  are  several  factors  considered  in 
the  forthcoming  paragraphs  which  are  not  feasibility  requirements 
for  the  present  program  (e.g.,  polarization  capability);  however, 
even  though  these  factors  are  not  used  to  rule  out  potential  range 
designs,  as  evidenced  by  the  short-range  recommendation,  they  are 
considered  as  representative  of  the  advantages  in  choosing  one 
range  design  rather  than  another.  In  other  words,  an  effort  has 
been  made  to  select  a  measurement  approach  which  can  be  used  to 
demonstrate  not  only  measurement  feasibility  in  terms  of  the 
current  program  goals  but  also  to  show  measurement  feasibility  in 
terms  of  a  more  general  set  of  capability  requirements. 


6*2  Study  S’-sssary 

The  results  of  the  investigations  reported  in  Section  2 
through  5  are  sunaarized  in  terras  of  factors  which  should  be 
considered  in  a  range  design  study.  In  the  case  of  the  soil 
measurement  programs,  these  factors  are  considered  to  be  (1) 
soil  homogeneity,  (2)  the  variation  of  soil  electrical  charac¬ 
teristics  with  frequency,  moisture,  and  temperature,  and  (3) 
the  electrical  variations  expected  as  a  result  of  RAT  SCAT 
climatic  conditions. 

In  the  case  of  the  computer  study,  the  factors  are  considered 
to  be  (1)  the  RF  field  gradients  over  the  vertical  target  region 
as  a  function  of  frequency,  range,  and  antenna  heights  for  normal 
soil  characteristics,  (2)  the  field  gradient  changes  caused  by 
expected  variation?  in  soil  electrical  parameters,  (3)  the  surface 
field  versus  the  space  field  as  a  function  of  frequency,  range, 
target  and  antenna  height,  (4)  vertical  polarization  field 
ellipticity  and  polarization  versatiliLy,  and  (5)  tilt  angle 
versus  target  height  and  range. 

In  the  case  of  the  induction  field  and  validation  measurement 
program,  the  important  factors  are  (1)  coupling  error  versus  target 
size,  height,  frequency  and  polarization,  (2)  the  influence  of 
range  geometry  parameters,  tilt  angle,  and  bistatic  angle  on  cross 
section  data  and  the  performance  of  the  target  support,  (3)  the 
achievable  cancellation  levels  (and  associated  background  levels) 
and  stability  as  a  function  of  frequency  and  polarization,  (4) 
antenna  isolation,  and  (5)  long-range  field  probes  and  path  less 
data. 

6.2.1  RAT  SCAT  Soil  Characteristics 


Samples  of  RAT  SCAT  soil  were  selected  on  a  statistical  basis 
as  indicated  in  Section  2.  On  the  basis  of  soil  samples  selected, 
the  RAT  SCAT  soil  appears  to  be  electrically  homogeneous.  This 
conclusion  was  supported  by  the  results  of  the  validation  experi¬ 
ments  conducted  at  RAT  SCAT  since  much  of  the  field  probe  data 
was  obtained  at  locations  different  from  those  from  which  soil 
samples  were  obtained  to  measure  the  electrical  constants.  Never¬ 
theless,  the  measured  field  probe  data  was  closely  correlated  tc 
the  computer  results  obtained  by  using  the  measured  electrical 
constants  of  the  soil  samples. 

The  soil  electrical  parameters  exhibited  the  greatest  varia¬ 
tion  as  a  function  of  moisture  content  rather  than  temper  '’ure. 

The  data  in  Figures  6,  7,  and  8  shows  the  expected  value  t—  the 
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^Lelecrr'^c  cotszmtz  ccosmctivity  *r  s  fmmcriom  of  s^istrre  it 
a»hi«at  tesperstsire  ccmditioeis.  Tbc  erpecrei  value  of  anlsrrre 
caateBt  at  EAT  SCAT  szr^szs  to  be  15  to  16  perfect  cc  the  basis 
of  the  feterairiitioo  of  soil  sasple  so  L- tore  over  a  five-200 th 
period  (Figure  2) .  On  the  bests  of  this  percent  so  is  tare,  the 
date  in  the  above  indicated  figures  shews  the  dielectric  constant 
will  ocmally  be  in  the  range  of  14  to  16  and  the  conductivity  in 
th*  range  .4  to  S  mhos  per  meter.  The  data  in  Figures  S  and  10 
for  temperature  conditions  at  52°F  and  120°F  shews  that  the  varia¬ 
tion  in  conductivity  as  a  function  of  temperature  is  well  within 
the  range  of  s^isture  variations  of  +5  percenc  from  the  15  percent 
value  established  for  ambient  temperature.  Hence  the  primary 
source  of  field  variation  resulting  from  soil  changes  should  be 
caused  by  moisture  changes  between  15-percent  (normal  dry  condi¬ 
tions)  to  25-percent  conditions  which  would  prevail  during  rainy 
periods . 

6.2.2  Computer  Study 

The  ground  plane  model  programmed  on  the  computer  was  used 
to  investigate  the  effect  of  the  major  range  geometry  parameters 
or*  the  RF  fields  at  RAT  SCAT.  The  computed  data  was  based  upon 
the  results  of  the  soil  measurement  study  in  which  results  repre¬ 
sentative  of  a  number  of  conditions  were  compared  with  measured 
data  and  found  to  be  in  close  agreement. 

One  of  the  first  factors  investigated  with  the  aid  of  the 
computer  results  was  that  or  the  field  gradients  over  the  target 
region.  Operating  regions  are  shown  in  Figures  48  and  49  in  terms 
of  range  and  frequency  where  acceptable  vertical  field  gradients 
over  a  six-foot  target  are  achievable.  These  operating  regions 
were  determined  by  using  a  two-way,  2-db  amplitude  and  45-degree 
phase  gradient,  or  less,  as  acceptable  and  allowing  the  antenna 
and  target  heights  to  be  adjustable  within  wide  limits  and  dependent 
upon  polarization  and  frequency.  On  the  basis  of  the  data  in  these 
figures,  acceptable  vertical  fields  are  achieved  (for  targets 
up  to  six  feet  in  vertical  extent)  between  200  and  2100  feet  at 
frequencies  between  30  and  120  megahertz  at  bot”’  vertical  and 
horizontal  polarization.  Hence  vertical  field  gradients,  consi¬ 
dered  separate  from  other  factors,  are  not  fundamental  limitations 
on  VHF  operation. 

After  the  field  gradients  were  examined  in  terms  of  normal 
soil  conditions,  they  were  examined  as  a  function  of  soil  moisture 
conditions.  Typical  results  from  this  study  are  presented  in 
Figures  23  through  39,  Results  indicated  that,  in  the  case  of 
horizontal  polarization,  field  changes  were  almost  negligible  at 
all  frequencies  and  ranges.  In  the  case  of  vertical  polarization, 


the  fir  It  chesses  rrrrer  herweec  !  £b  is  rsrlltsde  rrsi  15  degrees 
in  phese,  tes>tod^rg  ce  r  requester,  err— a  beigr: ,  mp  rerge. 

Severer.  the  greatest  sentizivitr  ves  exhibited  in  the  frequency 
r.-y^ics:  a-«rve  6C  megahertz.  Although  the  above  rredierts  were 
primarily  caused  iron  sols  Cure  changes  between  10  and  10  percent 
c.nd  would  probably  not  be  detected  ir  field  probe  measurements, 
they  are  of  concern  in  considering  a  cancellation  system.  This 
is  the  case  even  if  the  gradient  changes  between  15  and  20  percent 
are  divided  by  5  to  approximate  the  effects  of  daily  temperature 
and  moisture  variations.  For  example,  in  a  case  where  the  phase 
change  is  5  degrees  (one  way)  for  5-percent  moisture  change  and  20 
is  used  as  a  division  in  order  to  approximate  a  moderate  hourly 
change  rate  caused  by  temperature  and  moisture,  the  amount  of 
cancellation  would  be  upper-bcundeu  by  47  db  because  of  the  phase 
drift  caused  by  soil  changes.  After  a  rain  the  drift  problem 
caused  by  soil  parameter  changes  is  potentially  even  more  severe 
as  indicated  by  the  data  presented  in  Figure  3.  However,  upon 
examination  of  the  field  gradient  caused  by  moisture  change,  xl 
appears  safe  to  assume  that  45  to  55  gd  of  cancellation  could  be 
maintained  in  the  VHF  region  over  long  periods  of  time  and  that 
this  cancellation  wmld  r  jt  be  affected  by  soi}  conditions  (except 
possibly  during  and  immediately  following  a  raxn). 

In  additior  to  examining  the  field  gradients  as  a  function  of 
vertical  regions  and  soil  parameter  changes,  the  computer  results 
were  used  to  investigate  the  surface  field  relative  to  the  field 
in  the  target  region  as  a  function  of  range  and  frequency.  The 
investigation  was  conducted  only  for  the  case  of  vertical  polari¬ 
zation  since  in  the  horizontal  case  the  surface  field  is  negligible 
in  comparison  to  the  field  in  the  target  region.  The  results  of 
this  investigation  are  presented  in  Figure  115.  The  data  in  this 
figure  was  obtained  by  using  antenna  and  target  heights  in  the  10- 
to  66-foot  region  which  would  provide  acceptable  measurement  fields. 
The  results  of  the  investigation  indicated  that,  in  the  frequency 
region  above  90-megahertz,  the  ratio  of  the  field  in  the  target 
region  to  that  on  the  surface  (pit  rotator  region)  can  be  increased 
substantially  by  operating  in  the  1000-  to  2000-foot  range  region 
rather  than  the  200-  to  400-foot  range  region.  Therefore,  in  order 
to  reduce  the  cross  section  of  the  rotator  and  target  support  in 
vertical  polarization,  a  longer  range  is  preferable. 

Two  other  factors  associated  with  operating  in  the  VHF  region 
on  a  ground  plane  range  are  field  ellipticity  and  polarization 
versatility.  These  factors  were  investigated  by  using  the  computer 
data  and  results  presented  in  Figures  62  and  68.  Results  of  the 
investigation  indicated  that  field  ellipticity  would  not  be  a 
problem  at  ranges  greater  than  400  feet  and  target  heights  up  to 
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6-0  feet,  or  ranzw  greater  then  200  f«:  for  target  heights  ut>  to 
3C  feet,  as  ^  res'- it  ef  the  study,  it  v&s  else  indicated  that 
high-qeslity  oolerfsetion  versatility  could  fee  achieved  by  ese  of 
s  single  antenna  syst«5£  at  rang  s  above  1000  feet  end  frequencies 
above  30 -megahertz ,  but  could  not  be  achieved  by  use  of  a  single 
antenna  system  at  the  snorter  ranges ,  and  lower  frequencies . 

Another  factor  which  should  be  considered  at  the  shorter 
ranges  is  that  of  tilt  angle.  Presented  in  Figures  63  and  &4  is 
tilt  angle  information  relative  to  the  parameters  of  range,  fre¬ 
quency,  and  target  height  at  horizontal  and  vertical  polarization, 
respectively.  Horizontal  polarization  presents  the  greatest 
problem,  but  in  both  polarization  cases  the  tilt  angle  is  reduced 
to  less  than  5  degrees  for  30-foot  target  heights  at  a  range  of 
400  feet  and  less  than  4  degrees  for  65-foot  target  heights  at  a 
1000- foot  range. 

f  .  2 . 3  Induction  Field  and  Validation  Program 

The  eduction  field  measurement  program  results  are  presented 
in  Figure*  89  through  92  in  terms  of  expected  coupling  error. 

These  results  indicate  that,  in  the  case  of  horizontal  polarization 
and  relatively  large  cylindrical-tyoe  targets  (40  feet),  signifi¬ 
cant  coupling  errors  (1  to  2  db)  can  be  obtained  up  to  heights  of 
66  feet  at  30  megahertz  and  37  feet  at  180  megahertz.  However, 
these  errors  occur  at  predictable  heights  in  the  lower  frequency 
range  (below  50  megahertz)  and  can  therefore  be  minimized  by  proper 
selection  of  target  height.  In  the  case  of  smaller  targets  (less 
than  10  feet,  the  coupling  error  was  confined  to  a  region  of  loss 
than  1  db  when  target  heights  were  above  20  feet.  In  the  case  of 
vertical  polarization,  coupling  effects  were  almost  insignificant 
for  all  cylinder  sizes  and  target  heights  tested.  On  the  basis  of 
the  results  obtained  from  this  program,  it  appears  that  a  capability 
of  using  target  heights  up  to  70  feet  would  provide  the  necessary 
versatility  to  keep  coupling  errors  below  the  1-db  level,  even  in 
the  case  of  relatively  large  targets  and  frequencies  between  30  and 
180  megahertz.  When  relatively  small  targets  (<10  feet)  are 
considered,  a  capability  of  using  target  heights  up  to  30  feet 
appears  to  be  sufficient  to  keep  coupling  errors  below  the  1-db 
level  at  frequencies  between  30  and  180  megahertz. 

The  cross  section  data  obtained  by  using  frequencies  of  30- 
and  60-megahertz  and  cylindrical  type  targets  compared  quite 
favorably  with  the  scaled  mo^el  data.  When  the  known  differences 
between  the  two  sets  of  measurements  were  considered,  the  correla¬ 
tion  between  the  full-scale  and  model  data  (except  for  background 
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Inttrfcrer^e  regions)  vithis  1.5  db.  The  dif fererces  between 
the  tvt  sets  of  ress-uremerts  which  appeared  to  influence  the  cross 
sec tier  were  produced  by  the  bistatic  and  tilt  angles  used  to 
obtain  the  full  scale  data.  These  angles  altered  prl^rily  the 
angular  separation  betveen  nu21  widths  except  for  the  end-on 
condition  in  the  case  of  vertical  polarisation  where  significant 
cross  section  errors  can  oc-ur  because  of  tilt  angle. 

The  cross  section  of  the  telescoping  fiberglass  target  support 
used  during  the  validation  t*sts  exhibited  a  sufficiently  low 
cross  section  and/or  the  support  vas  sufficiently  stable  to  remain 
cancelled  at  the  measurement  frequency  of  30  megahertz  so  that  it 
could  not  be  detected  when  it  was  rotated.  Also,  the  cancelled 
background  level  was  below  the  recorder  lower  limit  of  dbsm  at 
this  frequency  for  the  case  of  both  polarizations.  In  the  case  of 
the  60-megahertz  measurements,  the  target  support  system  contributed 
to  the  observable  background  level  in  both  polarizations  as  indicated 
in  Figures  106  and  107.  However,  only  in  the  case  of  horizontal 
polarization,  when  the  effects  of  the  target  fiberglass  saddle  are 
quite  evident  near  broadside,  is  there  substantial  evidence  that 
the  fiberglass  target  support  system  was  being  observed  rather  than 
the  pit  and  rotator.  In  the  case  of  60-megahertz  measurements, 
the  cancelled  background  levels  were  in  the  range  of  -25  (horizontal 
polarization)  to  -15  dbsm  (vertical  polarization)  during  target 
support  rotation.  However,  the  fiberglass  target  support  was 
telescoped  during  these  measurements  (and  30-megahertz  vertical 
polarization  measurement);  consequently,  the  wall  thickness  was 
twice  that  obtained  when  the  support  was  extended. 

When  the  support  was  fully  extended  to  a  height  of  65  feet,  its 
load  bearing  capability  was  not  taxed  by  target  weights  up  to  800 
pounds  (i.e.,  the  42-foot  cylinder  measured  during  this  program). 
However,  this  result  was  expected  since  the  design  capability  of 
the  fully  extended  support  was  2000  pounds. 

Background  levels  representative  of  those  achieved  during  the 
induction  field  and  validation  tests  are  indicated  in  T  ible  4  for 
each  of  the  frequencies  of  30,  6b,  120,  and  180  megahertz  and 
polarizations  at  which  the  measurements  were  made.  These  background 
levels  represent  the  levels  at  which  the  system  would  remain 
cancelled  over  a  period  of  time  sufficient  to  allow  measurements 
to  be  made.  These  time  periods  were  noticeably  a  function  of 
frequency  and  wind  conditions,  and  in  general,  as  the  frequency 
increased,  the  time  periods  decreased.  At  30  and  60  megahertz, 
the  system  would  typically  remain  cancelled  for  several  hours 
when  the  winds  were  less  than  10  knots.  The  amount  of  cancellation 
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^sintai^ec  during  these  time  periods  as*  typically  40  to  50  db 
with  the  larger  cancellation  levels  occurring  at  the  lower  fre¬ 
quencies.  Consideration  of  the  frequency  stability  of  the 
generator  used  (1  part  in  10^},  along  with  the  difference  in 
cancellation  path  length  and  the  path  length  of  the  signal  to  be 
cancelled  (300  to  700  feet),  this  amount  of  stable  cancellation 
is  all  that  should  be  expected  in  view  of  the  frequency-induced 
phase  drift.  Except  for  the  case  of  120-  and  180-megahertz  vertical 
polarization,  this  amount  of  cancellation  resulted  in  stable  back¬ 
grounds  better  than  -25  dbsm  (neglecting  changes  produced  by  target 
support  rotation).  For  these  two  cases,  the  loss  of  gain  caused 
by  the  ground  plane  (15  to  20  db)  and  the  inability  to  maintain 
more  than  40  db  of  cancellation  increased  the  background  levels  to 
the-10  to  -15  dbsm  region.  On  the  basis  of  the  results  of  the  induc¬ 
tion  field  and  validation  test3,  along  with  the  factors  which  limit 
the  amount  of  cancellation  that  can  be  maintained  at  RAT  SCAT,  such 
as  wind,  frequency  stability,  soil  parameter  variations,  and  tem¬ 
perature  effects  on  equipment,  40  db  of  cancellation  should  be  con¬ 
sidered  as  the  expected  operational  cancellation  capability  by  the 
use  of  a  1  part  in  107  or  better  frequency  source  and  a  highly 
stabilized  antenna  cancellation  system.  However,  with  such  a 
system,  up  to  60  db  of  cancellation  could  possibly  be  obtained  for 
sufficient  periods  of  time  to  allow  the  measurement  of  relatively 
small  targets. 

The  amount  of  cancellation  capability,  along  with  the  amount 
of  achievable  antenna  isolation,  determines  the  lower  limit  measure¬ 
ment  capability  of  a  cancelled  system.  Listed  in  Table  4  are  the 
amounts  of  antenna  isolation  achieved  with  the  antenna  configurations 
used  during  the  induction  field  and  validation  measurements.  The 
amount  of  antenna  isolation  ranged  between  50  and  70  db  for  the 
four  frequencies  and  both  polarizations.  This  amount  of  isolation 
was  obtained  by  using  spatial  separations  between  100  and  150  feet 
with  and  without  the  mobile  target  shelter  between  the  antennas 
(Figure  79).  At  first,  the  mobile  shelter  was  used  to  house  one 
of  the  antennas,  but  the  instability  of  the  isolation  was  such  that 
a  sufficient  amount  of  cancellation  could  not  be  maintained.  In 
addition,  the  vertical  field  probe  of  the  shelter-housed  antenna 
was  very  distorted  (Figure  95).  A  method  of  increasing  the  amount 
of  antenna  isolation  has  been  investigated  by  using  the  results  of 
the  computer  study.  This  technique  is  based  on  utilizing  the  ground 
plane  effect  by  proper  antenna  spacing  and  height  adjustment;  how¬ 
ever,  physical  demonstration  of  the  technique  has  not  been  under¬ 
taken.  Table  7  contains  a  list  of  the  expected  increases  in  isolation 
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over  free  space  based  on  the  cooputer  results  for  fre¬ 

quencies  of  30 ,  45.  50  sad  9 4?  segaherfz  and  use  of  an  antenna 
separation  of  131  feet,  the  antenna  heights  of  the  transmitter 
and  receiver  are  also  noted.  The  data  in  Table  7  indicates  a 
potential  increase  -of  10  to  30  db,  depending  upon  the  frequency 
and  polarization.  Hence  it  is  expected  that,  if  use  is  made  of 
a  spatially  separated  antenna  system  whose  height  is  adjustable,  at 
least  SO  to  30  db  of  antenna  isolation  can  te  achieved  in  the  30- 
tc  180  megahertz  region  by  using  an  antenna  separation  of  no  more 
than  150  feet  and  antenna  heights  of  no  more  than  60  feet. 

A  number  of  considerations  investigated  in  the  computer  study 
and  noted  during  the  validation  measurement  program  indicated  that 
a  longer  range  would  be  desirable  if  feasible.  The  computer  results 
indicated  that  rather  ideal  EIF  field  conditiony  rould  be  obtained 
in  the  lOGG-  to  2000-foot  range  region.  Hence  a  range  geometry 
was  selected  at  a  1575-foot  range  for  obtaining  field  probe  data 
and  path  loss  information.  The  data  resulting  from  both  of  these 
measurement  studies  are  presented  in  Figures  98  and  99  and  Table  5. 

The  results  of  this  investigation  verified  the  accuracy  of 
the  fields  predicted  on  the  basis  of  the  computer  results.  Also, 
the  path  loss  information  was  used  in  conjunction  with  the  computer 
results  to  estimate  the  lower  bound  measurement  capability  (Figures 
100  and  101)  at  these  longer  ranges  as  a  function  of  frequency. 

This  estimate  of  capability  was  based  on  the  use  of  a  200-watt 
transmitter  and  realistic  values  of  antenna  gain,  receiver 
sensitivity,  and  line  loss.  The  data  in  Figures  100  and  101 
indicates  that,  if  tha  full  capability  of  the  system  can  be 
realized,  sensitivities  between  -50  and  -40  dbsm  can  be  obtained 
at  a  1500-foot  range  for  frequencies  between  30  and  180  megahertz 
at  both  polarizations. 

An  investigation  of  the  longer  range  geometry  was  made  as  a 
result  of  the  feasibility  indicated  by  the  path  loss  information 
ana  initial  computer  results.  The  RF  fields  at  1050,  1575  and 
2100  feet  of  range  for  antenna  heights  in  the  range  which  give 
optimum  field  conditions  are  presented  in  Figures  116  through  129. 

On  the  basis  of  the  results  presented  in  these  figures,  operation 
at  a  1000-foot  range  enables  the  use  of  target  heights  between  20 
and  50  feet  in  conjunction  with  an  antenna  height  of  66  feet,  or 
if  a  fixed  target  height  of  50  feet  is  used,  the  30-  to  180-megahertz 
frequency  region  can  be  covered  by  using  antenna  heights  between  33 
and  66  feet.  The  amount  of  necessary  variation  in  antenna  height 
and/or  target  height  to  cover  the  frequency  range  of  interest 
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decreases  as  the  range  is  increased  to  1575  feet;  and  on  the 
basis  of  the  data  in  Figure  126,  at  2100  feet  only  one  target 
height  (65  feet)  and  one  antenna  height  (50  feet)  is  needed 
to  cover  the  30-  to  180-megahertz  frequency.  Even  at  the  1050 
foot  range,  a  30-megahertz  bandwidth  can  be  covered  by  the  use 
of  a  single  antenna  and  target  height  for  both  polarizations. 

In  the  case  of  the  1575-  and  2100-foot  ranges,  data  on  an  85  foot- 
antenna  height  is  presented  in  Figures  125  and  129.  On  the  basis 
of  this  information,  the  ability  to  achieve  polarization  versatility 
is  lost  as  a  result  of  the  increased  differences  in  the  vertical 
field  amplitude  gradients  between  vertical  and  horizontal  polariza¬ 
tion.  However,  scattering  matrix  measurements  would  still  be 
practical  since  the  same  target  height  and  antenna  heights  could 
be  used  for  both  vertical  and  horizontal  polarizations.  Also 
the  advantages  gained  in  using  an  85 -foot  antenna  height  rather 
than  a  66-foot  height  are  rather  small  in  terms  of  decreased 
target  height,  and  the  surface  field  in  comparison  to  the  space 
field  is  less  advantageous  with  the  85 -foot  antenna  height  than  the 
49-  or  66-foot  heights.  Presented  in  Figures  117  through  127  are 
data  at  20-percent  soil  moisture  for  each  of  the  three  longer 
ranges.  On  the  basis  of  the  data  in  these  figures,  the  field 
changes  are  of  the  same  order  of  magnitude  as  indicated  in  the 
data  obtained  under  the  field  gradient  versus  soil  moisture  study 
(Figures  28  through  39)  and  hence  present  no  major  difficulties. 

6.2.4  Other  Range  Design  Considerations 

In  addition  to  the  factors  discussed  in  the  preceding  para¬ 
graphs,  other  considerations  associated  with  a  cross  section  range 
design  should  be  examined.  The  major  factors  not  discussed  in  the 
preceding  paragraphs  are  (1)  near-field  errors  caused  by  horizontal 
phase  curvature  (2D^/\  criteria)  and  (2)  near-field  errors  caused 
by  the  radial  field  gradient.  These  factors  are  discussed  below 
with  respect  to  range,  frequency,  and  target  size. 

6. 2.4,1  Near-Field  Errors  Caused  by  Phase  Curvature.  Because 
of  the  relatively  longer  wave  lengths  involved,  phase  curvature  in  the 
VHF  region  is  not  a  problem  of  the  magnitude  that  it  is  at  the 
higher  frequencies,  such  as  the  1-  to  10-gigahertz  region.  However, 
if  consideration  is  given  to  a  short  range,  limitations  on  target 
size  must  be  considered.  In  Figure  130,  target  size  versus  range 
is  plotted  for  30,  60,  120  and  180  megahertz.  By  inspection  of 
Figure  130,  it  can  be  seen  that  10-foot  targets  can  be  measured 
down  to  a  range  of  40  feet  for  frequencies  up  to  200  megahertz. 

Also,  50-foot  targets  can  be  measured  down  to  a  range  of  1000  feet 
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for  frequencies  up  to  200  megahertz.  Hence,  in  the  case  of 
relatively  small  targets  (less  than  10  feet),  no  horizontal  phase 
gradient  problems  are  encountered  at  any  cf  the  ranges  considered 
in  this  program.  In  the  case  of  relatively  large  targets  (40  to 
7 C  feet),  ranges  between  1000  and  2000  feet  can  be  used. 

6. 2. 4. 2  Near-Field  Error  Caused  by  the  Range  Amplitude  Gradient. 
The  consideration  of  measurement  errors  caused  by  the  amplitude 
gradient,  which  results  from  the  1/R  field  intensity  decay,  can 
provide  a  more  severe  restriction  on  the  relationship  of  target  size 
versus  range  than  the  phase  curvature  restrictions.  However,  the 
range  gradient  is  not  frequency  dependent  as  it  was  in  the  former 
case.  To  relate  target  size  and  range,  an  error  model  is  required. 

The  chosen  error  model,  which  appears  to  be  quite  conservative, 
involves  the  consideration  of  the  cross  section  dynamic  range  of 
two  equal  scatterers  separated  in  range,  that  is,  the  ratio  of  the 
maximum  return  to  the  minimum  return  as  a  function  of  range  and 
scatter  separation.  This  ratio  is  expressed  in  Equation  6: 

7 =  20  Log  I  (I  +  a  )  (6) 

2  « 

where 

a  =  D/2R 

D  =  Scatterer  separation 

R  =  Range  to  first  scatterer  plus  D/2 

In  Figure  131a,  Equation  P  is  plotted  in  terms  of  values  bet¬ 
ween  1/8  and  1/256.  In  Figure  131b,  target  size  versus  range  are 
presented  in  terms  of  values  of  a  representing  20- ,  30- ,  and  40-db 
nulls.  If  it  is  assumed,  for  example,  that  a  minimum  of  30-db  nulls 
are  desired  in  measuring  the  cross  section  of  two  equal  scatters 
separated  a  distance  of  10  feet,  the  data  in  Figure  131b  indicates 
that  a  range  greater  than  320  feet  is  necessary.  If  the  null  depth 
criterion  is  relaxed  to  25  db,  the  range  can  be  decreased  to  160 
feet.  In  the  case  of  larger  targets  (40  tc  70  feet),  the  criteria 
used  abrve  indicate  range  operation  in  the  1000-  to  2000-foot  range. 

6.2.5  Study  and  Measurement  Program  Summary 

The  results  obtained  from  the  individual  study  and  measurement 
program  indicate  that  cross  section  measurements  at  RAT  SCAT  are 
feasible  in  the  30-  to  180-megahertz  region  by  using  a  cancelled 
system  and  operating  in  the  200-  to  400-foot  range  region.  Opera- 
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tion  in  this  region  would  allow  measurement  of  relatively  small 
targets  (less  than  10  to  12  feet)  which  could  be  measured  by  the 
use  of  target  heights  in  the  10-  to  30-foot  region  and  adjustment 
of  antenna  and  target  height  as  a  function  of  frequency  and  polari¬ 
zation.  The  effects  of  field  elliptici.ty,  the  bistatic  angle,  and 
the  tilt  angle  would  be  quite  small  if  the  above  mentioned  target 
dimension  were  not  exceeded.  The  background  levels  achievable  in 
this  range  region  by  use  of  a  cancelled  system  would  be  in  the  region 
of  -20  to  -60  dbsm,  depending,  of  course,  on  polarization,  frequency, 
range,  and  climatic  conditions.  For  example,  in  the  30  to  100  mega¬ 
hertz  region  at  a  300  foot  range  -30  to  -50  dbsm  background  levels 
appear  quite  feasible  using  a  20  to  30  foot  target  support. 

In  addition  to  the  validation  of  the  shorter  range  cancelled 
system  technique,  investigations  and  measuraments  obtained  during 
the  first  phase  of  the  VHF  program  indicate  the  feasibility  of  opera¬ 
tion  at  a  longer  range  (1000  to  2000  feet)  by  using  antenna  heights 
in  the  30-  to  70-foot  region  and  target  heights  in  the  30-  to  65- 
foot  region.  The  primary  advantages  of  such  a  range  are  (1)  small 
tilt  and  bistatic  angles  can  be  used,  (2)  horizontal  and  vertical 
polarization  measurements  can  be  made  at  the  same  antenna  and  target 
height,  (3)  a  relatively  large  frequency  range  can  be  covered 
without  having  to  change  antenna  or  target  height,  (4)  targets 
up  to  70  feet  in  length  can  be  measured  and  still  satisfy  near¬ 
field  criteria,  (5)  a  capability  of  polarization  versatility  is 
provided,  and  (6)  measurement  sensitivities  in  the  region  of  -60 
to  -20  dbsm  are  possible  if  a  range-gated  system  can  be  utilized 
(no  recovery  time  limitations).  In  this  longer  range  design,  the 
same  electronic  system  can  be  used  as  that  used  in  the  shorter 
range  design  if  a  pulse  width  capability  down  to  .5  microsecond 
(2"0  feet)  is  provided  (assuming  the  system  will  recover  in  4 
times  the  pulsewidth  which  would  allow  operation  at  1000  feet). 

This  system  could  still  be  operated  with  a  bandwidth  system  of 
approximately  2  megahertz  so  that  significant  RFI  problems  could 
be  reduced. 
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Fig.  2  NORMAL  RAT  SCAT  SOIL  MOISTURE  VERSUS  TIME 
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Fig.  4  SOIL  MEASUREMENT  TEST  SYSTEM 


Fig. 


Lg  -  length  of  test  section 

10  ■  length  of  remaining  air  filled  guide  and 
dielectric  bead 

to  ■  effective  length  necessary  to  describe 
imperfect  open-circuit 


LENGTH  RELATIONSHIPS  FOR  SHORT  TEST  SECTIONS 
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CONDUCTIVITY  OF  SURFACE  SOIL  (T  -  80°F) 
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Fig.  8  CONDUCTIVITY  OF  SUBSURFACE  SOIL  (T  -  80°F) 
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Fig.  9  CONDUCTIVITY  OF  SURFACE  SOIL  (T  -  120°F 
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Fig.  11  CONDUCTIVITY  OF  SUBSURFACE  SOIL  (T  -  120°F) 


KIr.  12  CONDUCTIVITY  OF  SUBSURFACE  SOIL  (T  -  32°F) 
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Fig.  13  LOSS  TANGENT  OF  SUBSU 


Fig.  14  LOSS  TANGENT  OF  SUBSURFACE  SOIL  (T  -  80°F)  15  AND  25  PERCENT 
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Fig.  15  LOSS  TANGENT  OF  SURFACE  SOIL  (T  -  80°F)  5,  10,  AND  20  PERCENT 


Fig.  16  LOSS  TANGENT  OF  SURFACE  SOIL  (T  -  80°F)  15  AND  25  PERCENT 


Fig.  17  LOSS  TANGENT  OF  SURFACE  SOIL  <T  -  120°F)  5,  10,  AMD  20  PERCENT 
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Fig.  19  LOSS  TANGENT  OF  SURFACE  SOIL  (T  -  32°F)  5,  10,  AND  20  PERCENT 
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Fig.  20  LOSS  TANGENT  OF  SURFACE  SOIL  (T  -  32°F)  15  AND  25  PERCENT 


Fig.  21  LOSS  TANGENT  OF  SURSURFACE  SOIL  (T  -  I20°F)  5,  10,  AND  20  PERCENT 


Fig.  22  LOSS  TANGENT  OF  SUESURFACE  SOIL  (T  -  120°F)  15  AND  25  PERCENT 
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Fig.  23  LOSS  TANGENT  OF  SUBSURFACE  SOIL  (T  »  32°F)  5,  10,  AND  20  PERCENT 
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Fig.  25  STANDARD  DEVIATION  OF  THE  RELATIVE  DIELEGTRIC 
CONSTANT  AS  A  FUNCTION  OF  MOISTURE  CONTENT 


STANDARD  DEVIATION  OF 
SURFACE  CONDUCTIVITY 


MOISTURE  CONTENT 
T=80°F 

INDICATIVE  TREND 


SOURCE  (ANTENNA  APERTURE  SIMULATION,  FREQUENCY,  POLARIZATION) 


Fig.  27  GROUND  PLANE  RADAR  GEOMETRY  AND  OPERATING  PARAMETERS 


RANGE  -  60  Meters  O>30  MHz 
POLARIZATION  -  Horizontal  A  -  60  MHz 
ANTENNA  HEIGHT  -  16.5  Feet  □  -  120  MHz 


Fig.  28  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(•16.5-FOOT  ANTENNA  HEIGHT,  HORIZONTAL,  60 -METER  RANGE) 


RANGE  -  60  Meters  O  30  MHZ 
POLARIZATION  -  Vertical  A  -  60__MHz 
ANTENNA  HEIGHT  -  16.5  Feet  □  -  120  MHz 


Fig.  29  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(16. 5 -FOOT  ANTENNA  HEIGHT*  VERTICAL,  60 -METER  RANGE) 


Fig.  30  FIELD  GRADIENTS  FRODUCED  BY  SOIL  MOISTURE  CHANGE 

03 -FOOT  ANTENNA  HEIGHT,  HORIZONTAL,  60 -METER  RANGE) 
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RANGE  -  160  Meters  0-30  MKz 
POLARIZATION  -  Vertical  A  -  60  MR* 
ANTENNA  HEIGHT  -  16.5  Feet  □  -  120  MHz 


Fig.  33  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(16. 5 -FOOT  ANTENNA  HEIGHT,  VERTICAL,  160 -METER  RANGE) 


RANGE  -  160  Meters  O  -  30 
POLARIZATION  -  Vertical  A  -  60 
ANTENNA  HEIGHT  -  33  Feet  □  -  120 
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Fig.  35  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTLBE  CHANGE 

(33 -FOOT  ANTENNA  HEIGHT,  VERTICAL »  160 -METER  RANGE) 


RANGE  -  480  Meters  O  -  30  MHz 
POLARIZATION  -  Horizontal  A  -  60  MHz 
ANTENNA  HEIGHT  -  16.5  Feet  D  -  120  MHz 
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Fig.  36  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(16.5-FOOT  ANTENNA  HEIGHT,  HORIZONTAL,  430-METER  RANGE) 


RANGE  -  480  Meters  O  -  30 
POLARIZATION  -  Vertical  A  -  60 
ANTENNA  HEIGHT  -  16.5  Feet  □  -  120 


Fig.  37  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(16. 5 -FOOT  ANTENNA  HEIGHT,  VERTICAL,  480-METER  RANGE) 


RANGE  -  480  Meters  O  -  30  MHz 

POLARIZATION  -  Horizontal  A  -  60  MHz 
ANTENNA  HEIGHT  -  33  Feet  □  -  120  MHz 
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33  FIELD  GRADIENTS  PRODUCED  BY  SOIL  MOISTURE  CHANGE 

(33 -FOOT  ANTENNA  HEIGHT,  HORIZONTAL,  <-S0-METER  RANGE) 


HEIGHT  -  Feet 


FREQUENCY  -  60  MHz 
MOISTURE  CONTENT  -  101 
RANGE  -  160  Me tors 
ANTENNA  HT  -  16.5  Feet 
O  -  HORIZONTAL 
□  -  VERTICAL 


-30  -20  -10 

FIELD  GRADIENT  -  db 


I 


Fig.  40  AMPLITUDE  FOR  10  PERCENT  MOISTURE 
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RGET  HEIGHT  -  Feet 


gisgsi 

mm 


j  "FREQUENCY  -  60  Ha* 

!  MOISTURE  CONTENT  -  15 % 
1  RANGE  -  160  Meters 
i  ANTENNA  HT  -•  16.5  Feet 
O  -  HORIZONTAL 
□  -  VERTICAL 


-40  -30  -20  -10  0  10 

FIELD  GRADIENT  -  db 

Fig.  42  AMPLITUDE  FOR  15  PERCENT  MuiSTURE 

98 


FREQUENCY  -  60  MH»  O  -  HORIZONTAL 

MOISTURE  CONTENT  -  157.  □  -  VERTICAL 

RANGE  -  160  Meters 


5T51 


43  PHASE  FOR  15  PERCENT  MOISTURE 


FREQUENCY  -  60  MHz 
MOISTURE  CONTENT  -  201 
RANGE  -  160  Meters 
ANTENNA  HT  -  16.5  Feet 
O  -  HORIZONTAL 
□  -  VERTICAL 


7=3 

Fig.  45  PHASE  FOR  20  PERCENT  MOISTURE 


TARGET  HEIGHT  -  Feet 


I 


FREQUENCY  -  60HB* 
MOISTURE  CONTENT  -  257. 
RANGE  -  160  Meters 
ANTENNA  HT  -  16.5  Feet 
O  -  HORIZONTAL 
□  -  VERTICAL 


-40  -30  -20  -10  0 

FIELD  GRADIENT  -  db 

Fig.  46  AMPLITUDE  FOR  25  PERCENT  MOISTURE 
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FREQUENCY  -  60MRz  O  -  HORIZONTAL 

MOISTURE  CONTENT  -  257.  □  -  VERTICAL 

RANGE  -  160  Meters 


-  XH.DI3H  X3DHV1 
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Fig.  47  PHASE  FOR  25  PERCENT  MOISTURE 


HEIGHT  -  Peet 


O  HORIZONTAL 

RANGE  -  Feet 

328.10 

A  TOTAL  VERTICAL 

ANTENNA  HEIGHT  -  Meters 

4.998720 

O  SURFACE 

FREQUENCY  -  Megacycles 

30.0 

SIGMA  -  mhos/Meter 

.610 

EPSILON 

14 .48 

Fig*  50  AMPLITUDE  FOR  30  MHz  FREQUENCY 
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HEIGHT  -  Feet 


RANGE  -  Feet  328.10 

ANTENNA  HEIGHT  -  Meters  4.998720 
FREQUENCY  -  Megacycles  45.0 
SIGMA  -  mhos/Meter  .610 

EPSILON  14.48 


Fig.  52  AMPLITUDE  FOR  45  MHz  FREQUENCY 


□  HORIZONTAL 
A  TOTAL  VERTICAL 
O  SURFACE 
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Fig.  53  PHASE  FOR  45  MHz  FREQUENCY 


Feet 
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AMPLITUDE  -  db 


□  HORIZONTAL 
A  TOTAL  VERTICAL 
O  SURFACE 


RANGE  -  Feet  328.10 

ANTENNA  HEIGHT  -  Meters  4.998720 
FREQUENCY  -  Megacycles  60.0 
SIGMA  -  mhos/Meter  .610 


EFSILGN 


14.48 


^ig.  54  AMPLITUDE  TOR  30  MHs  FREQUENCY 
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Fig,  55  PHASE  FOR  60  MHz  FREQUENCY 


HEIGHT  -  Feet 
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Fig.  57  PHASE  FOR  90  MHz  FREQUENCY 


HEIGHT  -  Feet 
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Fig.  59  PHASE  FOR  120  MHz  FREQUENCY 


□  HORIZONTAL  RANGE  -  Feet  328.10 

A  TOTAL  VERTICAL  ANTENNA  HEIGHT  -  Meters  2  .499360 

O  SURFACE  FREQUENCY  -  Megacycles  180.0 

SIGMA  -  mhos/Mcter  .flO 

EPSILON  14.48 


Fig.  60  AMPLITUDE  FOR  180  MHz  FREQUENCY 
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Fig.  65  AXIAL  RATIO  VERSUS  RANGE  (30  MHz) 


66  AXIAL  RATIO  VERSUS  RANGE  (60  MHz) 
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Fig.  :8  OPERATING  CONDITIONS  FOR  POLARIZATION  VERSATILITY 
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Fig.  69 
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Fig.  71  MEASURED  VERSUS  COMPUTED  SURFACE  FIELD  AMPLITUDE  (60  MHz) 
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Fig.  72  MEASURED  VERSUS  COMPUTED  SURFACE  FIELD  AMPLITUDE  (90  MHz) 
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Fig.  73  MEASURED  VERSUS  COMPUTED  SURFACE  FIELD  AMPLITUDE  (120  MHz) 
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Fig.  74  MEASURED  VERSUS  COMPUTED  SURFACE  FIELD  AMPLITUDE  (180  MHz) 


Fig.  75  SURFACE  FIELD  AMPLITUDE  RANGE  VARIATION 
WITH  SOIL  MOISTURE  (30  MHz) 
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Fig.  77  SURFACE  FIELD  AMPLITUDE  RANGE  VARIATION 
WITH  SOIL  MOISTURE  (120  MHz) 


Fig.  78  SURFACE  WAVE  VERSUS  SPACE  WAVE 


Fig.  79  VttF  ANTENNA  SYSTEM 


Fig.  81  FIBER  GLASS  TARGET  SUPPORT  AND  PULLEY  SYSTEM 
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Fig.  84  CYLINDER  CROSS  SECTION  VERSUS  HEIGHT 
(30  MHz,  VERTICAL  POLARIZATION) 
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Fig.  85  CYLINDER,  CROSS  SECTION  VERSUS  HEIGHT 
(60  MHz,  HORIZONTAL  POLARIZATION) 
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Fig.  86  CYLINDER  CROSS  SECTION  VERSUS  HEIGHT 
(60  MHz,  VERTICAL  POLARIZATION) 
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Fig.  87  CYLINDER  CROSS  SECTION  VERSUS  HEIGHT 
(120  MHz,  HORIZONTAL  POLARIZATION) 
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Fig.  38  CYLINDER  CROSS  SECTION  VERSUS  HEIGHT  • 
(180  MHz,  HORIZONTAL  POLARIZATION) 
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Fig.  89  COUPLING  ERROR  VERSUS  HEIGHT  AT  30  MHz 
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Fig.  90  COUPLING  ERROR  VERSUS  HEIGHT  AT  60  MHz 
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Fig.  94  MOBILE  SHELTER  USED  FOR  ANTENNA  ISOLATION 
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Fig.  97  MEASURED  VERSUS  COMPUTED  VERTICAL  FIELD 
(328  FOOT  RANGE,  VERTICAL  POLARIZATION) 


VERTICAL  A  -  MEASURED  RANGE:  1575  Ft 

POLARIZATION  O  -  COMPUTED  AT  15%  MOISTURE  CONTENT  ANTENNA  HEIGHT: 


Fig.  99  MEASURED  VERSUS  COMPUTED  VERTICAL  FIELD 
(1575  FOOT  RANGE,  VERTICAL  POLARIZATION) 


o 


159 


Fig.  100  MEASUREMENT  SENSITIVITY  VERSUS  RANGE  (HORIZONTAL  POLARIZATION) 
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Fig.  101  MEASUREMENT  SENSITIVITY  VERSUS  RANGE  (VERTICAL  POLARIZATION) 
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Fig.  103  FULL  SCALE  CROSS  SECTION  OF  CYLINDER 
(VERTICAL  POLARIZATION,  30  MHz) 
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Fig.  104  FULL  SCALE  CROSS  SECTION  OF  CYLINDER 
(HORIZONTAL  POLARIZATION,  60  MHz) 
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Fig.  114V  SCALED  MODEL  AT  14  BARREL  TARGET  MEASURED 
AT  5°  TILT  ANGLE  (VERTICAL  POLARIZATION) 
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Fig.  115  FIELD  IN  TARGET  REGION  VS  SURFACE  FIELD 
AS  A  FUNCTION  OF  RANGE  AND  FREQUENCY 


TARGET  HEIGHT  -  Feet 


RANGE -1050  FEET 
ANTENNA  HEIGHT -33  FE 


151  HOISTUR 


Fig.  116  FIELDS  AT  1049  FOOT  RANGE  (33  FOOT  ANTENNA 
HEIGHT,  15  PERCENT  MOISTURE) 
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ANTENNA  HEIGHT-  33  FEET 
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Fig.  117  FIELDS  AT  1049  FOOT  RANGE 
(33  FOOT  ANTENNA  HEIGHT,  20  PERCENT  MOISTURE) 
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Fig.  118  FIELDS  AT  1049  FOOT  RANGE 
(49  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 
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Fig.  119  FIELDS  AT  1049  FOOT  RANGE 
(49  FOOT  ANTENNA  HEIGHT,  20  PERCENT  MOISTURE) 


TARGET  HEIGHT  -  Feet 


FIELD  INTENSITY  -  db 


Fig.  120  FIELDS  AT  1049  FOOT  RANGE 
(66  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 
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Fig.  121  FIELDS  AT  1575  FOOT  RANGE 
(33  FOOT  ANTENNA  HEIGHT.  15  PERCENT  MOISTURE) 


182 


RANGE -1575  FEET 
ANTENNA  HEIGHT -4 9  FEET 


151  MOISTURE 


Fig.  122  FIELDS  AT  1575  FOOT  RANGE 
(49  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 
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FIELD  INTENSITY  -  db 


Fig,  123  FIELDS  AT  1575  FOOT  RANGE 
(49  FOOT  ANTENNA  HEIGHT,  20  PERCENT  MOISTURE) 
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Fig.  124  FIELDS  AT  1575  FOOT  RANGE 
(66  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 
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Fig.  125  FIELDS  AT  1575  FOOT  RANGE 
(85  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 
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RANCE  i!OC  FEKT  O  ~  HORIZONTAL 

ANTENNA  HEIGHT  45  v-T.FT  Cl-  VERTICAL 
151  WOTSTCSE  CONTENT 


Fig.  126  FIELDS  AT  2100  FOOT  RANGE  (49  FOOT  ANTENNA  HEIGHT,  15  PERCENT  MOISTURE) 


APPENDIX  A 


A. 1  Electrical  Constants 


To  obtain  the  soil  electrical  constants  cr,  tanS  ,  andtr, 
the  measured  input  admittance  of  a  circular  waveguide  filled 
with  the  soil  may  be  related  to  the  desired  quantities  through 
the  use  of  transmission  line  equations.  With  reference  to 
Figure  4  the  measured  input  admittance,  denoted  by  Yin,  is  determined 
by  the  length  of  line  between  the  point  of  measurement  and  the  soil 
sample  (Le),  the  characteristic  admittance  of  this  line  (Yo),  the 
characteristic  admittance  of  the  section  of  line  containing  the 
soil  sample  (Yos),  the  length  of  the  soil  test  sample  (Ls),  and 
the  test  section  terminating  admittance  (Yl).  The  parameters  are 
related  as  shown  in  Equation  A-l. 

Ym  =  Yo  Ys+j YotanKoie 1 

Yo+jYstanKoLe j  (A-l) 

where  Ys  =  Yos  Yl+Yostanh  ysLsl 

Yos+YltanhYsLs 


Ko  -  2  tt/x 

ys  =  jKo  [*r/*r  (l-tanS^  tan^ -j  (tanfi^  +  tan£^)jj^ 
tan^  =  dielectric  loss  tangent 


tanfi^  =  magnetic  loss  tangent 


cr 

Hr 

Yos 


=  relative  dielectric  constant 
=  relative  permeability 


-1 

er 

h 

1-itanSe 

Hz 

1-jtanfyi 

In  the  following  discussion,  it  will  be  assumed  that  the  soil 
is  nonmagnetic,  in  which  case  /xr  =  1  and  tanfyi  =  0.  Also,  it 
should  be  noted  that  in  Equation  A-l,  the  air-filled  guide  of  length 
Le  is  assumed  to  be  lossless. 


By  expressing  the  measured  admittance  Ym  as  Gm+jBm,  Equation 
A-l  may  be  used  to  obtain  Ys  s  Gs+jBs  in  terms  of  measured  values 
as  shown  in  Equations  A-2  and  A-3„ 
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Gs 


Bs 


7  2 

Yoz  I+tanKoLe  _  (A-2) 

(BmtanKoLe+Yo)^  +  (GmtanKoLe)^ 

2 

(BmtanKoLe+Yo)  (Bm-YotanKoLe)  +  GmtanKoLe  (A-3) 
(BmtanKoLe+Yo ) ^  +  (GmtanKoLe )2 


Placing  a  short  circuit  at  the  input  plane  of  the  test  section 
and  measuring  the  short°circuit  admittance  Yme  »  -jBme  *  'jYo/tanKoLe 
will  eliminate  tanKcLe  from  Equations  A-2  and  A-3.  The  relation¬ 
ships  then  may  be  written  as  given  in  Equations  A-4  and  A-5. 


(A-4) 


Br 


Yo 

(C"0 

(1-Bm/Bme)  (Bm/Yo  +  Yo/Bme)  -  YoBme 

l 

1-1 

im 

>me 

2 

+ 

Gm 

Bme 

2 

(A-5) 


To  relate  Gs  and  Bs  to  the  material  constants,  consideration 
is  given  to  the  two  possible  situations  which  may  occur  when  the 
terminating  admittance  Y1  is  varied.  The  first  is  that  in  which 
Yl  has  no  effect  on  the  value  of  Ytn;  in  this  case  the  line  appears 
to  be  infinitely  long,  and  Ys  is  equal  to  the  characteristic 
admittance  of  the  soil,  Yos.  If  the  load  admittance  is  found  to 
affect  Ym,  the  load  may  be  adjusted  to  give  either  Yl  :  0  (i.e., 
an  open  circuit),  or  Yl  =co  (i.e.,  a  short  circuit).  By  letting 
Ys  denote  the  open  circuit  case  and  Yl  denote  the  short-circuit 
case,  Ys  may  be  expressed  as  shown  in  Eouations  A-6  and  A-7. 

Y§  =  G§  +  jB§  =  Yostanh  YsLs  (A-6) 

Yl  =  Gs  +  jB§  =  Yos/tanh  YsLs  (A-7) 


The  sample  length,  Ls ,  may  be  eliminated  by  taking  the  product 
os 

of  Ys  and  Ys  to  give 

ySy!  =  Yol  =  G§Gi-B§Bi+j (g§bI+g!b§)  (A-8) 

The  definition  of  Yos,  along  with  Equations  A-2,  A-3,  and  A-8, 
may  then  be  used  to  relate  the  material  constants  €r,  tan8e  ,  and  cr 
to  the  measured  quantities  Gm,  Bm,  Gm,  B&,  and  Bme. 
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1  +  (Yo/Bme)'4 


2  2 

-NYo 


(A-9) 


tan8e 


-Yo 

1  +  (Yo/Bme)2 

s  o  ] 

GmK  +  GmLi 

_0,J3 

GrnGm 

1  +  (Yo/Bme) 

h 

2  2 
-  NYo 

(A-10) 


where  D  «  j(l-B§/Bme)2  +  (G&/Bme)2]  | (l-B^/Bme)2  +  (G&/Bme)2j 
N  =  LK 

L  -  (1  -  Bm/  .me)  (B&/Yo  +  Yo/Bme)  -  (G%)2 

YoBme 

K  =  (1  -  Bm/Bme)  (Em/Yo  +  Yo/Bme)  -  (Gm)2 

YoBme 

The  cor. duct*  v*  fv,  <r  ,f  ir>  obtained  by  using  t  he  relationship 
between  cr,  €r>  tan8c  ,  find  X  as  shown  he low. 


<r  =  *rtanSc 
60  A 


(A-ll) 


For  the  case  in  which  Yl  has  not  effect  on  the  value  of  Ym, 
a  single  measurement  Ym  =  Gm  +  jBm  is  used,  and  er  and  tan^  are 
given  as 

er  -  G&  1  1  +  (Yo/Bme)2  j  2  -  (N'Yo)2  (A-12) 

D'Yo 

I  2  I 

i. O'  _  o  it I  1  i  /it  /n \  •  I  ii  !  /i .. 


where 


tan^  =  -2Yo  I  1  +  (Yo/Bme)  1  N1  Gm 

Gm  [l  -I-  (Yo/Bme)2]  2  -(N'Yo)2 

1  2  2  1  2 
D1  =  (1  -  Bm/Bme)  +  (Gm/Bme)  J 

N'  =  (1  -  Bm/Bme)  (Bm/Yo  +  Yo/Bme)  -  (Gm)2 

YoBme 


The  conductivity,  cr  ,  is  determined  by  use  of  Equation  A-ll. 
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A. 2  Meter  Corrections 


The  two  most  important  sources  of  system  error  were  found  to 
be  the  mutual  couplings  between  the  different  branches  of  the 
admittance  bridge  and  the  inductance  of  the  sections  of  line 
between  the  junction  of  the  bridge  arms  and  the  center  of  the 
measuring  coils.  Corrections  for  the  errors  produced  by  cross¬ 
coupling  were  made  by  using  Equations  A-14  and  A-15  (Reference  1): 

Gc  «  Gm  4  0.0085  Btu  4  .17  (A-14) 

D 

Be  =  Bm  -  (0.0085  Gm  +  .17)  (A-15) 

D 

where  D  =■  1  +  0.00042  (Gm  -  Bm)  and  Gm  and  Bm  are  the  measured 
conductance  and  susceptance  before  correction. 

To  correct  for  the  junction  inductance  error,  Equations  A-16 
and  A-17  were  used  (Reference  1): 

Gx  =  Gc/A  (A-15) 

Bx  *  Be  1  1  +  Bc/Bl  -  2(GcYo)/(Bl)2l  +  Gc/Bl  (Gc  -  Yo)  (A-17) 

A 

where  A  -  (1  +  Be/Bl)^  +  (Gc/Bl)^ 

B1  =  1  X  10I? 

(277f)(1.19) 

Gc  and  Be  are  the  values  obtained  from  the  cross -coupling 
corrections . 

In  the  earliest  phase  of  the  measurement  program,  it  was 
fouid  that  the  form  of  the  equations  used  to  relate  measured 
quantities  to  the  desired  electrical  properties  (Equations  A-S  -  A-13) 
placed  a  strict  limit  on  measurement  tolerances.  Specifically, 
the  computations  tended  to  square  any  error  present  in  measured 
data.  To  avoid  this  amplification  of  error,  an  attempt  was  made 
to  restrict  the  magnitude  of  the  measured  conductance  and  suscep¬ 
tance  to  a  region  in  which  the  maximum  measurement  accuracy  could 
be  obtained.  This  objective  was  attained  by  adjusting  the  length 
of  the  soil  test  sample  as  a  function  of  the  moisture  content, 
the  frequency,  and  the  temperature  at  which  a  given  measurement 
was  to  be  made.  The  resulting  lengths  of  the  test  sections  were 


196 


found  to  be  short  enough,  in  most  cases,  to  allow  simplifications 
to  be  made  in  the  computations.  A  further  virtue  of  using  the 
shorter  lengths  was  that  the  des ;ribing  equations  contained  tewer 
terms  which  exaggerated  small  errors.  To  show  the  effect  of  these 
simplifications,  Equation  A-l  is  first  written  with  the  full 
expression  for  Ys: 


Ym  -  Yo 


Yos  Y1  +  Ygf  tanh  Ys  Ls|  +  jyotanKoLe 
_ Yos  +  Yl  tanh  ysL"l  _ 

I .  Yl  +  Yos  tanh  7sLs  .  ..  . 

LYo  +  JYos  Yos  +  *fttihr.-u  tanKoLe 


(A-18) 


In  the  first  attempts  to  obtain  y£  (open-circuit  load  admittance), 

it  was  noted  that  the  measured  admittance  was  slightly  larger  than 
it  should  have  been,  in  correspondence  to  the  physical  inability  to 
obtain  a  perfect  open  circuit.  In  addition  to  the  imperfect  open- 
circuit  termination,  the  amount  of  soil  used  for  a  given  measurement 
was  often  insufficient  to  completely  fill  a  standard  length  of  air 
guide.  For  these  cases,  another  'load"  term  was  necessary  to 
completely  describe  the  system.  The  above  mentioned  relationships 
are  illustrated  in  Figure  5  where 


Ls  =  length  of  test  section 

lo  =  length  of  remaining  air  filled  guide  and 
dielectric  bead 

l'o  »  effective  length  necessary  to  describe  imperfect 
open-circuit 

If  the  open-circuit  load  is  assumed  to  be  very  small,  but  not  zero, 
Equation  A-18  is  reduced  to 


Y&  =  Yo 


(YL  +  Yos  tanh  TsLs)  +  jYotan  KoLe1  ( A - 1 9 ) 

Yo  +  j  (Yl  -I-  Yos  tanh  YsLs)  tanKoLe 


where  Yl  is  the  total  open-circuit  load  admittance, 


If  the  lengths  Le  and  Ls  are  assumed  to  be  sufficiently  short  to 
allow  the  approximations  tanx  -  x  and  tanhx  -  x,  and  the  definitions 
for  Yos  and  Vs  are  used,  Equation  A-19  becomes 


o 

ym 


o 

ErtanSe  +  j  (Er  +  bme  +  bL) 

"(1  -  bmebj^  -  Erbme)  +  j  Ertan^  bme 


=  gm  +  jbm  (A-20) 
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where 


brce 


2  tt  Le 


0 

bL 


Er 


2  ttLo  -  -jYjVYo 
K 

2  rr  Ls  ci- 


In  Equation  A-20,  Y&,  G®,  B$,  and  b£  have  been  normalised  to  Yo. 


Equating  the  real  and  imaginary  parts  or  Equation  A-20  gives 


o,2 


Er  =  (gm)  bme (1-bmebL;  +  (14-bmbme)  I  bm-  bme-bL  (1-hbmbme 


(l+bmbme)^  +  (gmbme)^ 


oJ 


o  [  o 

tanS€  =  gm  1 1-bme  (ErhbL) 

Er (1+bLbme)^ 


(A-21) 

(A-22) 


For  the  case  of  the  short-circuit  measurements  on  sections  in 
which  Ls  and  Le  are  very  small,  Equation  A-18  is  reduced  to 

1 


ym  = 


s 

YL 


+  jYoKoLe 


l-EjYLKoLs 

Yo+jKoLe 


(A-23) 


li+i 


5" 

YL 

s- 


+jYLKoLsJ 


Note  that  Equation  A-2.3  gives  no  added  information  on  the  soil 
parameters  when  very  short  test  sections  are  used. 


A. 3  Statistical  Analysis 


To  obtain  a  representative  description  of  the  soil  electrical 
parameters  at  a  fired  temperature  and  moisture  content,  it  was 
found  necessary  tc  repeat  measurements  by  using  different  lengths 
of  test  section  so  that  a  statistical  average  could  be  found. 

This  was  necessary  even  though  any  set  of  data  could  be  reproduced 
to  within  +5  percent  of  the  first  set  obtained  under  similar 
"environmental1'  conditions.  Also  noted  was  an  increase  in  the 
standard  deviation  of  er,  c r,  and  tan  Sc  as  the  moisture  content 
was  increased;  consequently,  it  was  highly  desirable  to  obtain  a 
larger  volume  of  measured  data  at  the  higher  moisture  contents. 

The  standard  deviation  of  cr  as  a  function  of  moisture  content 
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Is  Illustrative  of  this  increase  (Figure  25)  as  well  as  the  stand¬ 
ard  deviation  of  the  subsurface  conductivity  as  a  function  of 
moisture  content  (Figure  26) . 

To  relate  the  statistical  variation  of  the  results  with 
measurement  errors  and  "environment"  fluctuation,  small  changes 
in  the  temperature,  moisture  content,  soil  test  section  length 
(Ls),  and  recorded  values  of  Gm  and  Bm  were  analytically  introduced 
to  simulate  the  effect  of  combined  system  error.  The  specific 
errors  assumed  were  +2°F  in  the  temperature,  +1  percent  in  the 
moisture  content,  +5  percent  in  the  ability  to  define  the  test 
section  length,  Ls,  and  +5  percent  in  the  measured  input  admit¬ 
tance,  Ym. 

From  the  above  investigation,  the  error  which  contributed 
most  to  the  variations  in  «r  was  found  to  be  the  inherent  error 
in  the  admittance  meter  (i.e.,  + 5  percent  in  Ym) .  The  effect  of 
such  an  error  may  be  visualized  from  Equation  A-21.  Since  the 
normalized  conductance  (g8)  in  the  numerator  is  squared,  any  error 
in  the  recorded  conductance  is  also  squared.  This  increase 
essentially  amplifies  a  5-percent  error  to  almost  30  percent, 
the  total  effect  depending  upon  the  error  associated  with  bfi. 
Although  squared  terms  also  exist  in  the  denominator,  cancellation 
of  error  was  negligible  as  a  result  of  the  product  formed  wi^h 

(bme ) ^ .  In  Figure  25,  the  maximum  expected  deviation  resulting 
from  the  above  mentioned  'ariations  in  temperature,  moisture 
content,  etc.,  is  shown.  When  this  deviation  is  compared  with  the 
actual  standard  deviation  also  shown,  it  is  noted  that,  for  all 
practical  purposes,  the  standard  deviation  is  bounded  by  the 
calculated  error  limits. 

To  describe  the  variations  of  the  conductivity  in  terms  of 
system  errors,  two  cases  must  be  considered  in  terms  of  measure¬ 
ments  at  the  prescribed  frequencies.  The  first  case  is  that  in 
which  measurements  are  based  on  the  assumption  that  the  soil  is 
not  disturbed  between  measurements,  i.e.,  the  density  of  the 
soil  in  the  test  section  is  the  same  for  each  measurement.  The 
second  case  arises  when  the  reproduction  of  measurements  is 
attempted.  In  other  words,  when  the  soil  is  emptied  from  the 
test  section  and  then  repacked,  the  unavoidable  difference  in 
"packing  density"  limits  the  reproducibility  of  measurements  to 
approximately  95  percent. 
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For  the  first  cafe,  the  calculated  total  error  end  the  actual 
variations  encountered  are  in  good  agreement,  each  indicating  a 
deviation  of  approximately  10  percent. 

To  investigate  the  expected  change  in  the  conductivity  caused 
by  a  change  in  packing  density,  the  empirical  expression  describing 
the  conductivity  is  used  to  obtain  the  partial  derivative  of  cr 
with  respect  to  *r. 

*  '  I  I  I  21  (-041>T 

lZ  -  2  rr  o'o  ,1+5(7.)  1+8  (%)\  e  =2cr  (A-23) 

5er  ill'  — 

The  percent  change  in  cr  caused  by  a  giver,  percent  change  in  cr  may 
then  be  written  as 

%  change  in  a  «  . . §JL  Aer(]_0C)  =  2  (7.  change  in  er) 

cr  b€r 

Although  the  above  change  in  cr  is  not  shown  directly  as  a  function 
of  density,  use  of  the  expression  containing  a  variation  in  cr 
produces  the  same  effect.  In  other  words,  given  two  samples  of 
different  packing  densities,  the  sample  with  the  lowest  density 
will  exhibit  the  lowest  relative  dielectric  constant.  To  define, 
realistically,  what  the  total  effect  is,  the  tolerances  on  repro¬ 
ducibility  must  be  used;  unfortunately,  these  tolerances  are 
exaggerated  in  Equation  A-21. 

As  a  resuLt  of  the  error  amplification,  a  considerable  effort 
was  made  to  define,  as  accurately  as  possible,  the  soil  electri¬ 
cal  properties  under  the  most  likely  conditions  to  be  met  at  the 
proposed  VHP  location.  Specifically  included  was  concentration 
at  10- ,  15- ,  20-  and  25-percent  moisture  content.  (See  Figure  2.) 

At  25  percent,  however,  the  loss  tangent,  and  thus  the 
conductivity  did  not  increase  to  the  values  predicted  on  the 
basis  of  the  lower  moisture  content  results.  On  the  basis  of 
the  mean  value  of  fr  obtained  for  25  percent,  which  was  in  very 
good  agreement  with  that  expected  from  theory,  and  the  empirical 
expression  for  the  conduct? vity,  an  expected  value  for  the  loss 
tangent  at  25-pe^cent  moisture  content  was  calculated.  To  justify 
this  calculation,  it  i 3  noted  that,  if  the  measurement  system 
were  to  distinguish  the  loss  tangent  at  20  percent  moisture  con¬ 
tent  from  that  expected  at  25-percent  moisture  content,  it  must 


200 


be  able  to  separate  (l+j70)^  from  (i+j90)^.  In  terms  of  measured 
input  admittances,  this  operation  would  require  separating  1-f  35 
from  i+j45.  When  the  effect  of  small  system  errors  is  considered, 
the  problem  becomes  apparent.  To  obtain  the  accuracy  needed  at 
25  percent,  it  is  felt  that  the  system  would  have  to  have  been 
operated  with  these  specific  measurements  in  mind  rather  than  the 
wide  range  of  conditions  encountered  when  all  moisture  contents 
are  considered. 
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ract  ABSTRACT 

[he  material  presented  in  this  report  is  a  result  of  an  investigation  of  the 
feasibility  of  making  radar  cross  section,  measurements  in  the  VHF  region  at  the 
Radar  Target  Scatter  Site,  White  Sands  Missile  Range  (RAT  SCAT).  Included  ..twin 
are  the  results  of  an  experimental  and  analytical  investigation  which  was  conducted 
in  the  30-to  80-megahertz  region  for  the  purpose  of  ( 1)  determining  the  feasibility 
of  making  measurements  at  RAT  SCAT  and  (2)  defining  the  range  condition(s)  and 
measurement  technique(s)  for  use  in  a  feasibility  demonstration  program  to  be  con¬ 
ducted  at  RAT  SCAT. 


A  study  was  made  of  the  properties  of  RAT  SCAT  soil  since  a  ground  plane  cross 
section  measurement  technique  was  under  consideration.  The  electrical  properties 
of  the  soil,  in  terms  of  the  complex  permittivity  and  associated  loss  tangent,  were 
measured  as  a  function  of  moisture,  temperature,  and  sample  location.  The  results 
of  the  soil  investigation  were  used  in  conjunction  with  a  ground  plane  model  pro¬ 
grammed  on  a  CDC  1604  to  investigate  the  RF  field  patterns  to  be  expected  at  RAT 
SCAT.  These  fields  were  studied  as  a  function  of  frequency,  range,  soil  conditions, 
antenna  height ,  ar.d  target  height .  ^A  VHF  radar  system  from  the  Fort  Worth  Division 
of  General  Dynamics  was  taken  to  R^VSCAT  to  obtain  information  with  which  to  vali¬ 
date  the  results  of  the  computer  study  and  obtain  additional  information  cm  the 
feasibility  of  operating  VHF  equipments  at  the  RAT  SCAT  site  .  The  results  of  the 
study  and  measurements  are  analyzed  anova  dual  range  and  measurement  technique  are 
^scribed^ethi^tegniquc  is  considered  \  feasibile  approach  to  measuring  targets 
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This  is  an  interim  reporting  of  an  experimental  investigation  and  theoretical  analysis 
which  has  established  confidence  that  dual  polarization  amplitude  and  phase  measurements 
are  possible  on  a  ground  plane  radar  cross  section  range  in  the  30  to  100  megahertzian  band. 
The  results  of  this  phase  of  the  VHF  measurement  investigation  established  the  basis  of  the 
design  for  a  hardware  feasibility  demonstration  model  to  be  implemented  a.f  the  RAT  SCAT 
facility  during  May  1966.  Final  feasibility  demonstration  tests  are  then  to  be  conducted 
during  June  1966. _ _ _ _ _ 
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